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Summary of the Office Action 

Claims 6, 9-26, 33, and 39 are pending in the application, of which claims 6, 9-15 and 39 
are under examination. Claims 16-26 and 33 are withdrawn fi-om consideration as being drawn 
to a non-elected invention. Support for newly added claim 39 can be found, for example, on 
page 11, lines 15-16. 

Claims 6 and 9-15 are rejected as lacking enablement under 35 U.S.C. § 112, first 
paragraph, and claims 6, 10, 11, and 13-15 are rejected as lacking sufficient written description 
under 35 U.S.C. § 1 12, first paragraph. 



Rejection Under 35 U.S.C. S 1 12, First Paragraph (Enablement) 

Claims 6 and 9-15 are rejected under 35 U.S.C. § 112, first paragraph, as lacking 
enablement. According to the Examiner, the rejection is based upon the reasons of record. 

The present rejection is based on two main areas of concern: (1) whether Applicants 
have enabled the claimed method to overcome certain hurdles to achieve "effective" therapies 
and (2) whether Applicants have enabled the use of any importation competent signal peptide to 
import any protein or peptide. Regarding the first concern, Applicants assert that they are not 
required to enable the method to achieve the effects and avoid the pitfalls presented in the 
rejection. As a result, the argument and evidence in the rejection is not relevant to the legal 
question of enablement of the present claims and does not support a prima facie case of lack of 
enablement. A valid rejection must be based on what is claimed. Regarding the second concem. 
Applicants note the concems expressed in the rejection are merely speculative as they relate to 
the claimed method and Applicants provide fiirther evidence that both charged peptides and 
larger proteins can be imported to cells both in vitro and in vivo. 

1 

The Examiner states that the claims are directed to methods of using widely divergent 
biologically active molecules, and that the teachings of the specification and Declaration do not 
support enablement of the fiiU scope of the claimed subject matter. The Examiner also states that, 
". . .the specification clearly teaches that the method is to be used therapeutically to regulate 
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aberrant functions or supply deficient cells. The question at hand, therefore, is whether the 
disclosure provides sufficient direction to enable the skilled artisan to practice (make) a 
therapeutic method commensurate with the broad scope of what is presently claimed" (see page 
3 of the Office Action). 

Applicants respectfully remind the Examiner that the claims do not require the method to 
be used therapeutically to regulate aberrant functions or supply deficient cells. Rather, the 
claims are to a method of importing an intracellular peptide, polypeptide, or protein into a cell in 
a subject. The claims are fully supported by the specification. The rejection is improper in its 
focus on effects not recited in the claims and as a resuh much of the argument and reasoning in 
the rejection is not relevant to enablement of the present claims. Only that which is claimed need 
be enabled.^ AppUcants direct attention to In re Gardner, 475 F.2d 1389, 1392 (CCPA 1973), 
reh*g denied, 480 F.2d 879 (CCPA 1973), where the court emphasized that the subject matter 
within a broad claim need not be shown to have the same degree of utility; it is sufficient if the 
specification adequately discloses some use for all of the subject matter.'^ The law does not 
require that every imaginable result of a method claim that is not excluded by the claim be 
enabled. An example can illustrate this. Consider the following claim: 

A method of painting a house comprising applying one or more coats of 

paint to the outside surface of a house. 

It is clear that such a claim is not unpatentable if the specification fails to enable painting 
such that the paint shields the occupants from radiation or meteorites even though the claim 
broadly reads on a method that could have such results (in the sense that those results are not 
excluded from the claim). Again, the law does not require that every imaginable result of a 



^see Christianson v. Colt Industries Operating Corp,, 822 F.2d 1544, 1565, 1 USPQ2d 1241, 1255 (Fed. Cir. 1987), vacated, and 
remanded with instructions to transfer appeal to Court of Appeals for the Seventh Circuit, 108 S. Ct. 2166, 7 USPQ2d 1 109 
(1988), on remand, 870 F.2d 1292, 1299, 10 USPQ2d 1352, 1357 (7th Cir. 1989) ("Because only the claimed invention receives 
patent law protection, the disclosures need generally be no greater than the claim. ")(" The 'invention* referred to in the enablement 
requirement of section 1 12 is the claimed invention"). 

^See also Envirotech Corp. k Al George, Inc, 730 F.2d 753, 762 (Fed, Cir. 1984) ("the fact that an invention has only limited 
utility and is only operable in certain applications is not grounds for finding lack of utility."); Ex parte Hozumi, 3 USPQ2d 1059, 
1060-61 (Bd. Pat. App. & Int'f 1987) (as to examiner's Section 1 12 rejection "based on an asserted lack of enablement with 
respect to the utilization of the entire genus disclosed in the antitumor utility disclosed": "it is not necessary that all of the 
compounds claimed be useful for every utility disclosed in an application"); Ex parte Cole, 223 USPQ 94, 95 (PTO Bd. App. 
1983) ("We know of no statutory or case law requiring each and every compound within a claim to be equally useful for each and 
every contemplated application."). 
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method claim that is not excluded by the claim be enabled. If that were the law, no method 
claim is patentable because there is always an effect within the scope of every method claim that, 
for example, cannot be accomplished. For example, the house painting claim above 
encompasses painting the house in one nanosecond (in the sense that doing so is not excluded 
from the claim). These examples illustrate why it is axiomatic that only what is claimed need be 
enabled. It is true that Applicants* claim encompasses methods of importing that could have 
therapeutic effect or that could be targeted to specific tissues and cells or that could avoid toxic 
effects, but the claims do not require these effects and therefore these effects need not be 
specifically enabled. 

The proper analytical framework for analyzing embodiments within the scope of a claim 
is to assess each embodiment for enablement in terms of what is claimed. As discussed above, 
the standard for enablement for the use of any given embodiment is low (see footnote 2). Thus, 
every embodiment encompassed by the present claims need only be capable of administration 
and need only result in importation. That is all that is claimed and that is all that need be 
enabled. As long as each embodiment of the claimed method is capable of this and the claimed 
result can be obtained without the need for undue experimentation, that embodiment (and, 
collectively, the entire claim), is enabled. The fact that some embodiments will accomplish 
much more (therapeutic effects, for example) does not mean that Applicants are required to 
enable such effects. It is legal error to pick a possible, but unclaimed, effect of the method and 
then require that that effect be enabled. 

Applicants note that, contrary to assertions in the rejection. Applicants are not required 
to enable avoidance of systemic importation into all cells and are not required to enable effective 
targeting because such effects are not required by the claims. In fact, the specification merely 
states that "any selected cell into which import of a biologically active molecule would be usefiil 
can be targeted by this method, as long as there is a means to bring the complex in contact with 
the selected cell. Cells can be within a tissue or organ, for example, supplied by a blood vessel 
into which the complex is administered" (see Specification, page 14, lines 13-17). The 
specification goes on to state that the cells of the lung epithelium can be targeted by inhalation of 
the complexes, or the complexes can be administered directly to a target site in the body. The 
specification also states that signal peptides that are known to be utilized by the selected target 
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cell can be used (see page 14, lines 17-28). However, nowhere does the specification state that 
such target-specific signal peptides must be used, and nowhere does the specification state that 
the complexes cannot be systemically delivered, or that certain types of cells must be avoided. 
More importantly, the claims do not require use of target-specific signal peptides and do not 
require target-specific importation even if they are used. Therefore, the statement that "avoiding 
systemic importation into all cells is critical" is not accurate. Moreover, as stated in the 
specification (see, e.g., page 8, line 2, through page 10, line 18), for in vivo administration, the 
peptides can be delivered by routine methods, e.g., parenterally, intravenously, by inhalation, by 
subcutaneous or intramuscular injection, by topical administration, by oral administration, etc. 

Also, in regard to Kabourdis et al. and Schwarze et al. (cited in the office action as 
support for the argument that targeting is an important aspect remaining to be addressed), 
Applicants first note that, as discussed above, targeting need not be specifically enabled because 
the claims do not specifically require targeting. Applicants also note that Kabourdis et al. and 
Schwarze et al. are discussing fiirther development of cell importation to obtain more effective 
therapeutic results, not that targeting is required for importation to occur. Again, the claims only 
require importation and this is all that need be enabled. Applicants also note that Kabourdis et 
al. and Schwarze et al. are discussing achieving a therapeutic ideal, not the minimum effect that 
can be therapeutic. In this regard. Applicants note that both Kabourdis et al. and Schwarze et al. 
describe importation that provides at least minimal therapeutic effect. 

It is also clear that therapeutic effects can be achieved without the need for targeting. 
Applicants submit with this response Jo et al., Intracellular Protein Therapy with S0CS3 Inhibits 
Liflammation and Apoptosis, Nature Medicine Vol. 1 1(8):892-898). Jo et al. show that a 
recombinant cell-penetrating form of S0CS3 (CP-S0CS3) was dehvered by intraperitoneal 
injection, was taken up intracellularly, and was able to counteract SEB-, LPS-, and ConA- 
induced inflammation in vivo. A membrane-translocating motif (MTM) composed of 12 amino 
acids from a hydrophobic signal sequence from fibroblast growth factor 4 was attached to the N- 
terminal or C-terminal ends to mediate uptake into cells. Figure 4(a) shows that those mice 
treated with CP-S0CS3 has a considerably longer life span in the presence of SEB compared 
with controls. Thus, Jo et al. demonstrates that targeting is not required for the claimed method 
to have a therapeutic effect. Applicants again note that, to be enabled, inventions need not 
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achieve some arbitrary level of effectiveness and that embodiments need not achieve all of the 
possible effects described in the specification (see footnote 2). 

Liu et al., J. Biol. Chem. 279:19239-19246 (2004) ("Liu A"), a copy of which is 
submitted with this response, describes the in vivo delivery, importation and effect of an inhibitor 
of nuclear transport. Liu A used an importation competent signal peptide as claimed (see page 
19240, left column, top) and established that the signal peptide was required for cell importation 
(see page 19241, paragraph bridging columns). No cell-specific targeting feature was used. 
Nevertheless, Liu A reports that the signal peptide-cargo fusion administered in vivo was 
imported into cells and that the cargo had a therapeutic effect (see page 19243, left column, 
second paragraph; page 19245, right column, top). Liu A reports that this delivery and effect 
was dependent on the presence of the signal peptide (see page 19243, left colimm, second 
paragraph). Thus, Liu A supports enablement of the claimed method and provides additional 
evidence that the unsupported and speculative statements in the rejection alleging that in vivo 
targeting and importation would be difficult or impossible to obtain are incorrect. 

Liu et al, J. Biol Chem. 279:48434-48442 (2004) ("Liu B"), a copy of which is 
submitted with this response, describes the in vivo delivery, importation and effect of an inhibitor 
of nuclear transport (see Abstract). Liu B used an importation competent signal peptide as 
claimed, and no cell-specific targeting feature was used (see page 48435, left column, first 
paragraph and first paragraph of Experimental Procedures; page 48436, right column, top). 
Nevertheless, Liu B reports that the signal peptide-cargo fusion administered in vivo was 
imported into cells and that the cargo had a therapeutic effect. Thus, Liu B supports enablement 
of the claimed method. 

The Examiner has stated that "the delivery of toxic proteins into a cell in a subject poses 
significant technical challenges, such as global toxicity, which would hinder the development of 
a useful method and which must be addressed in order to use the full scope of what is presently 
claimed" (page 6 of the Office Action). The Examiner indicates that evidence of safety is not 
being required in the rejection (recognizing that to do so would be improper), but then goes on to 
state that "developing the method such that it can be used as broadly as claimed would require 
undue experimentation." It must be asked, however, what is being claimed? All that Applicants 
claim is a method involving administering to a subject a complex comprising the peptide. 
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polypeptide, or protein linked to a manmialian hydrophobic importation competent signal 
peptide. The only effect required by the claim of this administration is importation the peptide, 
polypeptide, or protein. The claims simply do not require avoiding systemic delivery of toxins. 
A toxin could be delivered to cells using Applicants* method and it is not the place of the Patent 
Office to require that such an embodiment be excluded fi-om the claims. The rejection has failed 
to cite authority for requiring enablement of a feature (targeted deUvery of toxins) not recited in 
the claims. In contrast, AppUcants have cited legal authority to the contrary. 

2 

The Office Action also states that, "Another aspect of the claimed method which must be 
addressed on a case-by-case basis is the operability of the cargo delivered by importation 
competent signal peptide" (see Page 6 of the Office Action). The Examiner goes on to say that 
"The specification teaches. . .since very large proteins are exported by cells. . .very large proteins 
can be imported into cells by this method. . . However, the accuracy of this assumption requires 
that the mechanism by which these large proteins are exported is the same mechanism by which 
hydrophobic importation competent signal peptides import proteins" (see Page 6-7 of Office 
Action). The Examiner also contends that the skilled artisan would expect that the properties of 
the cargo would have some significant impact on whether the complex as a whole would cross 
the plasma membrane. 

The claimed method is based on the discovery that hydrophobic signal sequences can be 
used to internalize peptides, proteins and other molecules. While it was and is understood that 
proteins and other molecules can cross plasma membranes via pores, phagocytosis, endocytosis, 
invagination of the plasma membrane and through cell surface receptor-mediated translocation, 
these are not the mechanism by which the present method operates or which the present method 
requires (see, for example, Figure 5 in Veach et al., (2004) /. Biol. Chem, 279:11425-31). 
Because of this, any difficulties, doubts or problems that may be known or apparent for the other 
forms of plasma membrane crossing do not provide convincing evidence of the inoperabiUty of 
the claimed method. In this regard, applicants note that some of the publications referred to in 
the Office Action were commenting on more complicated endocytotic pathways (see page 
1 1430, right colunm of Veach et al.) not the method appUcants are claiming. AppUcants 
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apologize for any confusion regarding the mechanism of the claimed method that may have been 
caused by Applicants prior arguments. 

Lindgren et al. (of record) supports the distinction in mechanisms. For example, 
Lindgren et al. refers to some forms of internalization but then distinguishes cell penetrating 
internalization (see page 101, right column). In particular, Lindgren et al. notes that cell 
penetrating peptides work at low temperatures, are energy independent, and are protein 
independent. These features of the cell penetrating method distinguish it from other plasma 
membrane crossing mechanisms. The last feature, protein independence is significant because 
this indicates, just as the present application asserts and as Applicants have argued, essentially 
any peptide, protein or other molecule can be imported into cells using the claimed method. 

Veach et al. presents evidence that chirally distinct forms of an importation competent 
signal peptide are both equally capable of mediating importation of a peptide cargo (see 
Abstract). Veach et al. notes that this and other evidence described in the paper indicate that the 
signal peptide translocates functional peptides directly through the plasma membrane 
phospholipid bilayer without involving receptor/transporter mechanisms (see Abstract). Veach 
et al. also discusses possible mechanisms for this transport, which can include transport of 
charged cargo, that are independent of cell surface proteins (see Figure 5 and pagel 1430, left 
column). Liu et al., Proc. Natl. Acad. Sci. USA 93:1 1819-1 1824 (1996) ("Liu C"), described 
successful importation using a different signal sequence (see page 1 1819, left column, bottom). 
Jo et al. (discussed above) describes importation of the 225 amino acid S0CS3 protein. 

The most recent version of the Encyclopedia of Molecular Medicine article on 
Peptide/Protein Delivery (a copy of which is submitted with this response; Exhibit A) describes 
various forms of peptide and protein delivery across membranes (see pages 1-3). The claimed 
method uses signal sequence hydrophobic region-derived peptides (see paragraph bridging pages 
1 and 2). The article distinguishes this form of translocation from other forms of translocation 
(see pages 2-3). 

Together, these publications provide evidence that the claimed importation can be 
practiced with other signal peptides and with other peptides, polypeptides and proteins. 

The rejection quotes Veach et al. to support the argument that the plasma membrane is 
difficuU to cross. Specifically the rejection quotes the statement "[t]he plasma membrane 
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imposes tight control on the access of extracellular peptides and proteins to the cell interior." 
However, this passage was mischaracterized. Veach et al. goes on to say: "To bypass these 
inherent mainstays of the plasma membrane functional integrity, we hamessed a signal-sequence 
derived hydrophobic region to deliver functional cargoes composed of peptides and proteins to 
probe and modulate intracellular signaling" (p. 1 1425, bridging cols.). Veach goes on to 
describe importation through the plasma membrane. Therefore, Veach actually supports 
enablement. Applicants have found that the plasma membrane can be bypassed with the use of a 
signal sequence, which allows for the importation of biologically active molecules. 

The present rejection does not provide evidence or convincing reasoning to counter the 
evidence that importation competent signal peptides can import a variety of cargoes. The 
rejection essentially argues that because large molecules and non-hydrophobic molecules are 
chemically incompatible with plasma membranes and because plasma membranes do not contain 
holes that allow large molecules to pass through them unaided, it would require undue 
experimentation for those of skill in the art to estabUsh how to import such cargoes. Although 
this logic is seductive, the evidence (discussed above) contradicts it. The fact of the importation 
of large and charged cargo has clearly established that such logic is flawed and does not apply to 
importation competent signal peptides, hi other words, the fact that the large size of some 
proteins and their charged or hydrophilic character have not prevented their translocation means 
that such characteristics neither prevent importation nor provide logical evidence that the present 
method cannot be performed using a variety of cargoes. In reconsidering the rejection in light of 
these arguments. Applicants remind the Examiner that the Patent Office is burdened with 
establishing that the claimed method is not enabled, not Applicants to establish that the method is 
enabled. 

The Examiner has also argued that undue experimentation would be required to practice 
the method using the broad scope encompassed by the importation competent signal peptide of 
the claims. Applicants previously argued that signal peptides can be selected from the SIGPEP 
database, which also lists the origin of the signal peptide. The Examiner states that, "although the 
SIGPEP database might be used as a starting point to identify some embodiments within the 
scope of the claims. . .the importation competent signal peptide is in no way limited to those that 
might be found in the SIGPEP database" (see Page 13 of the Office Action). 
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First, applicants respectfully point out that the requirements under section 1 12, first 
paragraph, do not require that every importation competent signal peptide be named in the 
specification. Applicants have presented a representative group of signal peptides to be used and 
those wishing to practice the claimed method can choose from among these. AppUcants note 
that enablement requires enablement of only a single use of the invention. For the present 
method, all that those of skill in the art need do is choose a signal peptide as described in the 
specification and a peptide, polypeptide or protein to be imported. Applicants have provided at 
least some signal peptides that can be used for this purpose. Thus, those of skill in the art could 
practice the claimed method without the need for imdue experimentation. While the Examiner is 
correct in stating that importation competent signal peptides are in no way limited to those found 
in the SIGPEP database, this point is misplaced since Applicants are not required to describe 
every possible material that could be used in the method. 

Moreover, any selected signal peptide can be tested for its ability to function as an 
importation competent signal peptide, using routine screening methods that employ the in vitro, 
ex vivo, and in vivo teachings set forth throughout the entire specification, including the 
Examples, together with what was already known in the art. Accordingly, identification of 
additional importation competent signal peptides is routine experimentation , not undue 
experimentation, and the present methods, as claimed herein, are fully enabled in this regard. 
Applicants also note that the present method encompasses only those cases where the peptide, 
polypeptide or protein is imported into a cell. Thus, only those signal peptides and cargo 
peptides, polypeptides and proteins that are imported need be enabled. Again, determining that a 
given peptide can be imported using the claimed method would require at most routine 
experimentation. 

Rejection Under 35 U.S.C. S 1 12, First Paragraph (Written Description) 

Claims 6, 10, 1 1, and 13-15 are rejected under 35 U.S.C. § 1 12, first paragraph, as 
lacking sufficient written description. The Office Action asserts that Applicants did not have 
possession of the entire genus of importation competent signal peptides, but only a method for 
how to identify an importation competent signal peptide experimentally. Applicants respectfully 
traverse. 
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The Examiner has stated that there is an "absence of any clear nexus of structure and 
function even ten years after the effective filing date of the instant application." (Page 14 of the 
Office Action.) It appears that the Examiner does not recognize the teaching of "hydrophobic 
region" as a structural limitation, but is requiring the applicant to provide specific amino acid 
sequences of the signal sequences, which is not required under the Written Description 
Guidelines, and which would unjustifiably limit the scope of the claims. 

Applicants have provided a clear written description of what is required to fiilfiU the 
scope of the claims. Such a product has been described in the specification. Specifically, the 
specification gives the Example of SN50 (page 29) as well as many other signal peptides: 
"Signal peptides can be selected, for example fi*om the SIGPEP database, which also lists the 
origin of the signal peptide. When a specific cell type is to be targeted, a signal peptide used by 
that cell type can be chosen" (Page 1 1). The SIGPEP database (http://proline.bic.nus.edu.sg/ 
sigpep/) is a signal peptide database containing signal/leader sequences of prokaryotes and 
eukaryotes, and was known to those of skill in the art at the time of the invention. The sequences 
of the database are stored in MySQL relational database and provided as DNA and protein 
sequences. Therefore, the written description requirement is met, in that the Applicant has 
clearly shown possession of the importation competent signal peptides. 

The Examiner also argues that, "the peptides disclosed in the SIGPEP database do not 
serve as species of the claims invention unless it is Applicants' contention that all peptides 
disclosed in the database have the fimction of an importation competent signal peptide" (Page 18 
of the Office Action.). Applicants are contending that any of the signal peptides in the SIGPEP 
database could have been readily been determined to be importation competent by one of skill in 
the art. Page 1 1 of the specification teaches, "When a specific cell type is to be targeted, a signal 
peptide used by that cell type can be chosen. For example, signal peptides encoded by a 
particular oncogene can be selected for use in targeting cells in which the oncogene is expressed. 
Additionally, signal peptides endogenous to the cell type can be chosen for importing 
biologically active molecules into that cell type. And again, any selected signal peptide can be 
routinely tested for the ability to translocate across the cell membrane of any given cell type. 
Specifically, the signal peptide of choice can be conjugated to a biologically active molecule, 
e.g., a fimctional domain of a cellular protein or a reporter construct, and administered to a cell, 
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and the cell is subsequently screened for the presence of the active molecule." Therefore, the 
SIGPEP database can be used to identify signal peptides that are associated with the cell of 
interest, and the "importation competency" of that cell can be determined by routine testing by 
one of ordinary skill in the art. 

Fmthermore, the signal peptides of the instant claims are not new or unknown biological 
materials that ordinarily skilled artisans would easily miscomprehend, and therefore the 
Examiner's arguments are inapposite to both Regents of the University of California v. Eli Lilly, 
119 F.3d 1559 (Fed. Cir. 1997) mdEnzo. Amgen Inc. v. Hoechst Marion Roussel Inc., 314 F.3d 
1313, 1332 (Fed. Cir. 2003). In Amgen, the claims of Amgen's patents referred to types of cells 
that can be used to produce recombinant human EPO. TKT (Amgen's opponent) argued that, 
because the Amgen patents did not describe the structure of the claimed cells, the patents failed 
to provide adequate written description of the claimed subject matter as required by Eli Lilly and 
Enzo. The court in Amgen rejected this argument, holding that Amgen's claims, including the 
recited cells, were adequately described in Amgen's patents. The court noted that unlike in Eli 
Lilly or Enzo "the claim terms at issue here [in Amgen] are not new or unknown biological 
materials that ordinarily skilled artisans would easily miscomprehend.... This difference alone 
sufficiently distinguishes Eli Lilly, because when used, as here, merely to identify types of cells 
(instead of undescribed, previously unknown DNA sequences), the words 'vertebrate' and 
'mammaUan' readily 'convey distinguishing information concerning [their] identity' such that 
one of ordinary skill in the art could 'visualize or recognize the identify of the members of the 
genus.'" Like the cells of Amgen, the claimed importation competent signal peptides are well 
known biological materials; well classified and easily recognized by those of skill in the art. As 
a result, and as m Amgen, the present application satisfies the vmtten description requirement for 
the present claims. 

The Examiner contends that because applicant previously stated, in regard to Lindgren et 
al, that hydrophobic importation competent signal peptides were not known in the art at the time 
of the invention, that this is in apposition to the statement that signal peptides are not new or 
unknown biological materials. Applicants previously stated that, "the present invention uses 
hydrophobic importation competent signal peptides, which were not used in the art at the time of 
the invention" (emphasis added.) The Examiner has taken applicants' statement out of context 
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and misquoted it. Applicants said that the use of hydrophobic importation competent signal 
peptides was not known, not that signal peptides in general were not known. Applicants 
therefore respectfully request the removal of this rejection. 

In view of the above, the specification provides sufficient description of pending claims 
6, 10, 1 1, and 13-15, and this basis of the written description rejection can be withdrawn. 

CONCLUSION 

In view of the above amendments and remarks, reconsideration and allowance of the 
pending claims is believed to be warranted, and such action is respectfully requested. The 
Examiner is encouraged to directly contact the undersigned if this might facilitate the 
prosecution of this application to issuance. 

A Credit Card Payment Form PTO-2038 authorizing payment in the amount of $760.00, 
representing a $250.00 fee for a small entity under 37 C.F.R. § 41.20(b)(1) and a $510,00 fee for 
a small entity under 37 C.F.R. § 1 .17(a)(3), a Request for Extension of Time, and a Notice of 
Appeal are enclosed. This amount is believed to be correct; however, the Commissioner is 
hereby authorized to charge any additional fees which may be required, or credit any 
overpayment to Deposit Accoimt No. 14-0629. 

Respectfully submitted. 




Robert A. Hddges 
Registration No. 41,074 



NEEDLE & ROSENBERG, P.C. 
Customer Number 23859 
(678) 420-9300 
(678) 420-9301 (fax) 



Certificate of Mailing Under 37 C.F.R. S 1.8 

I hereby certify that this correspondence, including any items indicated as being attached or enclosed, is being transmitted via First Class 
U.S. Mail to: Mail Stop AF, Commissioner for Patents, P. O. Box 1450, Alexandria. VA 22313-1450, on the date shown below. 
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^ Intracellular protein therapy with S0CS3 inhibits 
I inflammation and apoptosis 
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Suppressor of cytokine signaling (SOCS) 3 attenuates proinflammatory signaling mediated by the signal transducer and activator of 
transcription (STAT) family of proteins. But acute inflammation can occur after exposure to pathogen-derived inducers staphylococcal 
enterotoxin B (SEB) and lipopolysaccharide (LPS), or the lectin concanavalin A (ConA), suggesting that physiologic levels of 
S0CS3 are insufficient to stem proinflammatory signaling under pathogenic circumstances. To test this hypothesis, we developed 
recombinant cell-penetrating f onus of S0CS3 (CP-S0CS3) for intracellular delivery to counteract SEB-, LPS- and ConA-induced^ 
inflammation. We found that CP-S0CS3 was distributed in multiple organs within 2 h and persisted for at least Shin leukocytes and 
lymphocytes. CP-S0CS3 protected animals from lethal effects of SEB and LPS by reducing production of inflammatory cytokines ^ 
and attenuating liver apoptosis and hemorrhagic necrosis. It also reduced ConA-induced liver apoptosis. Thus, replenishing the 
intracellular stores of S0CS3 with CP-S0CS3 effectively suppresses the devastating effects of acute inflammation. 
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Inflammation represents a fundamental response to microbial, chemi- 
cal and physical injury. The production of inflammatory mediators 
depends on tightly regulated intracellular signaling by stress-respon- 
sive transcription factors as positive activators of the proinflammatory 
genetic program^ Concurrency, the genome can respond physiologi- 
cally by eliciting a set of repressors that extinguish inflammation. 
SOCSl and S0CS3 are rapidly induced and then degraded-. They block 
phosphorylation-dependent activation of STATl in response to inter- 
feron (IFN)-7 or STAT3 phosphorylation in response to interleukin 
(IL)-6, and target the IFN-y receptor and/or IL-6 receptor signaling 

# complexes for proteosomal degradation^"^. Paradoxically, despite the 
presence of physiologic regulators such as SOCS, the host defense sys- 
tems can pathologically perpetuate inflammation by overproducing 
host mediators that cause collateral damage to multiple organs. In the 
well-established animal models of acute organ injury resulting from 
pathogen-derived inducers SEB and LPS or lectin ConA, inflamma- 
tion and apoptosis of the liver depend on cytotoxic signaling by tumor 
necrosis factor (TNF)-a and IFN-*)^^ and Fas-Fas ligand interac- 
tion^*^^, respectively. These models of acute liver injury provide a well- 
defined in vivo system for inflammation-associated apoptosis, which 
is relevant to fulminant hepatitis caused by viral and nonviral agents. 
We reasoned that replenishment of SOCS proteins with recombinant, 
cell-penetrating versions may represent a powerful approach to treat- 
ment of these acute inflammatory disorders. To test this hypothesis, we 
developed cell-penetrating SOCS3 (CP-SOCS3) as the prototype for 
intracellular protein therapy and conducted experiments to determine 
whether exogenously administered SOCS proteins can compensate for 
the degradative loss of endogenous S0CS3 inhibitor and terminate 
noxious cytokine signaling during an acute inflammatory response. 



We designed and developed recombinant mouse CP-S0GS3 proteins 
(Fig. la,b). A membrane- translocating motif (MTM) composed iof 
12 amino acids from a hydrophobic signal sequence from fibroblast 
growth factor 4 ( ref. 11 ) was attached to either the N-terminal (HMS3) 
or C- terminal (HS3M) ends to iiiediate uptake into cells. We also 
constructed a control protein (His-SOCS3; HS3) lacking the MTM. 
Purity and yields of the recombinant SOCS3 proteins were comparable 
(Fig.lc). 

We detected the intracellular delivery of recombinant S0CS3 proteins 
in mouse macrophage RAW cells by confocal laser scanning microscopy. 
Fluorescein isothiocyanate (FITC) -labeled SOCS3 lacking MTM was not 
detectable in RAW cells. In contrast, the two MTM-bearing CP-SOCS3 
proteins, His-SOCS3-MTM (HS3M) and His-MTM-SOCS3 (HMS3), 
were abundantly present in the cytoplasm of RAW cells (Fig. Ic). These 
cells were not fixed and the broad-range protease proteinase K was used 
after pulsing cells with FITC-labeied proteins to prevent background 
fluorescence from cell surface-absorbed S0CS3 proteins. Thus, the pro- 
tease-resistant fluorescence indicates that only MTM-bearing SOCS3 
proteins were able to penetrate cells. 

To confirm that the CP-S0CS3 proteins could penetrate cells we tested 
their effect on intracellular STATl phosphorylation. Inducibly expressed 
endogenous SOCSl and S0CS3 are known to block STATl phosphory- 
lation by Janus kinases ( JAK) 1 and 2, a key step in intracellular signaling 
induced by IFN-7^*'^. IFN-y-induced phosphorylation of STATl was 
readily detected in cells exposed to HS3, which lacks the MTM motif 
required for membrane penetration (Fig. Id). In contrast, both forms 
of CP-SOCS3, HS3M and HMS3. suppressed STATl phosphorylation 
in a dose-dependent manner, with a concentration causing 50% inhi- 
bition (IC50) <2 |iM (Fig. le). We confirmed the inhibitory effect of 
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Figure 1 Structure, design, expression, purification, intracellular delivery and inhibitory activity of recombinant S0CS3 proteins, (a) Structure of mouse S0CS3 
protein, (b) Design of recombinant S0CS3 proteins that contained MTM (AAVLLPVLLAAP, red), histidine tag for affinity purification (MGSSHHHHHHSSLVPRGSH, 
white) and cargo (S0CS3, green). Expression of S0CS3 fusion proteins in E. co// before (-) and after {+) induction with I PTG monitored by SDS-PAGE and stained 
with Cobmassie blue. The size (in amino acids), yield and recovery (in percent) of soluble form from denatured form are indicated, (c) Fluorescence confocal 
laser scanning microscopy shows intracellular localization of recombinant S0CS3 proteins (top). Nomarski image of the same cells (bottom), (d) Inhibition of 
STATl phosphorylation detected by cytometric bead array (CBA) method. The levels of phosphorylated STATl, untreated and treated with IFN-yvvere compared 
to the levels In IFN-^-treated RAW cells that were pulsed with 10 of HS3, HS3M or HMS3. (e) Concentration-dependent inhibition of STATl phosphorylation 
detected by CBA method, (f) Inhibition of phosphorylation of STATl by CP-S0CS3 using immunoblotting analysis, (g) Inhibition of MCP-1, TNF-a and IL-5 
expression by 'CP-S0CS3 in cultured AMJ2-C8 macrophages, (h) Inhibition of TNF-a and I L-6 expression by CP-S0CS3 in primary macrophages isolated from 
peritoneal exudates of CSH/HeJ mice. Error bars in c, e and f indicate the ± s.d. of the mean value derived from each assay done in triplicate.; 



CP-SOCS3 proteins on STATl phosphorylation using immunoblotting 
studies (Fig. If). 

Treatment of macrophages with 10 |iM HS3M or HMS3 inhibited 
the expression of TNF-a, IL-6 and monocyte chemoattractant protein 



(MCP)-l by 55-75% during a subsequent incubation of 4 h. In contrast, 
expression of cytokines and chemokines in macrophages treated with 
a control S0CS3, HS3, was unchanged, indicating that recombinant 
SOCS3 without MTM was not inhibitory (Fig. Ig). Two CP-S0CS3 - 
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Figure 2 /n wVo delivery, intracellular persistence 
and tissue distribution of the CP-S0CS3 
proteins, (a) FACS analysis of leukocytes and 
lymphocytes isolated from whole biood (blood 
leukocytes/lymphocytes) and splenocytes of 
C3H/HeJ mice 1 h after intraperitoneal injection 
of diluent, unconjugated free FITC (1 ^M, 
FITC only) and FITC-conjugated S0CS3 proteins 
(1 nM, FITC-HS3, FITC-HS3M and FITC-HMS3). 
(b) Persistence of FITC-conjugated CP-S0CS3 in 
ceils prepared from C3H/HeJ mice at different 
time points after intraperitoneal injection of 
FITC-conjugated CP-S0CS3 protein (1 ^M, 
FITC-HMS3; 2, 8 and 24 h) and unconjugated 
free FITC (FITC only; 2, 8 and 24 h). FACS 
analysis was performed immediately after cell 
preparation without fixation and after treatment 
with proteinase K to degrade cell surface-bound 
S0CS3 proteins, (c) In wVo cellular uptake of 
■CP-S0CS3 in T and B cells. Cells isolated from 
mice treated with diluent, FITC only or 
FITC-HMS3 were blocked with Fc-speciftc 
antibody followed by binding with cell-type 
specific anti-CD3 and anti-B220 antibodies, 
(d) Tissue distribution of CP-S0CS3 in vivo. 
Fluorescence microscopy shows CP-S0CS3 
protein in various organs after intraperitoneal 
injection of FITC only or FITC-HMS3. 
Cryosections (15 \im) of organs were analyzed 
with fluorescence microscope. 



proteins suppressed TNF-a and IL-6 expres- 
sion induced by the combination of IFN-y 
and LPS in primary peritoneal macrophages 
isolated from C3H/HeJ mice, which use the 
pathway depending on interaction of Toll-like 
receptor 3 (TLR3) with adaptor protein Trif 
(AW046014)^3,i4 contrast, HS3 was inac- 
tive, reaffirming the inability of a recombinant 
S0CS3 without MTM to inhibit intracellular 

# signaling (Fig. Ih). 
We monitored in vivo deUvery of CP-SOCS3 
proteins. FITC-labeled HS3M and HMS3, 
after intraperitoneal injections into separate 
groups of mice. The blood leukocyte- and 
lymphocyte-rich fraction collected within 1 h 
of injection and analyzed by FACS showed a 
gain in fluorescence, indicative of the presence 
of FITC-labeled proteins as compared with 
control animals that received FITC-labeled 
HS3 or unconjugated FITC (Fig. 2a). One of 
the two CP-S0CS3 proteins, HMS3, showed 
a stronger intracellular signal in blood leuko- 
cytes and lymphocytes (Fig. 2a), prompting 
us to analyze its time^dependent kinetics in . 
blood and spleen leukocytes and lymphocytes. 
Notably FITC-labeled HMS3 was detectable, 
albeit in reduced amounts, at 8 h and even 
24 h after intraperitoneal injection ( Fig. 2b) . In 
contrast, unconjugated free FITC at equimolar 
concentration (FITC only) did not produce any 
significant gain in fluorescence as compared 
with diluent (Fig. 2b). Thus, MTM enabled 
two CP-S0CS3 proteins (HS3M and HMS3) to 



Blood leukocytes/lymphocytes 



Splenocytes 






Diluent 




FITC only 




FITC-HS3 




F1TC-HS3M 




FITC-HMS3 



FITC 



Biood leukocytes/lymphocytes 

FITC-HMS3 



Splenocytes 






Diluent 




2h 




8h 




24 h 



Blood leukocytes/tymphocytes 

T cells (CD3+) 



Splenocytes 

T celts (CD3+) 






Diluent 




f; rC only 




FITC-HMS3 



FITC 



Kidney 



Lung 



Spleen 



FITC-HMS3 



FITC only 




894 



VOLUME n I NUMBER. 8 I AUGUST 2005 NATURE MEDICINE 



LETTERS 



a 

O 

O 

c 
Z 
.!2 
"B 

CL 

£ 

IT) 
O 

o 

© 



Figure 3 CP-S0CS3 proteins inhibit the 
production of inflammatory cytokines 11-6 
and TNF-a, and the cell-surface expression of 
MHC class II in vivo, (a.b) IL-6 and TNF-a 
were measured by a CBA in blood plasma 
obtained from saphenous vein of CSH/HeJ 
mice at indicated intervals after SEB-fD-GAL 
challenge. Error bars indicate mean ± s.d. 
derived from each assay done in at least eight 
mice (a) or at least six mice (b). (c) Total 
splenocytes were isolated from the CSH/HeJ 
mice that survived 48 h after intraperitoneal 
administration of SEB+D-GAL. Cell surface- 
expressed MHC class II molecules on CDllb+ 
cells from mice that were not challenged 
(untreated) or challenged with agonists 
(SEB+D-GAL) only (agonists), plus treated 
with S0CS3 proteins (HS3, HS3M or HMS3), 
were measured 48 h after challenge. The 
value of 100% represents the increment in . 
the number of double positive (CDllb.and 
l-A"*) cells between untreated and agonist 
only-treated mice. The inhibition of MHC-II 
in CDl lb-positive cells treated with S0CS3 
protein represents the percentage of double 
positive cells as compared to the 100% in 
agonist only-treated mice. 
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gain rapid ( 1 h) entry to blood and spleen leukocytes and lymphocytes, 
wherein persistence of HMS3 was observed for at least 8 h. 

Further analysis of CP-SOCS3 delivery in vivo was extended to the 
leukocyte and lymphocyte subsets in blood, spleen and liver. White 
blood cell-rich fractions, ^'lotal splenocytes and intrahepatic lym- 
phocytes were isolated 2 h after a single intraperitoneal injection of 
FITC-conjugated HMS3, unconjugated FITC or diluent only. T and B 
cells from blood and spleen showed high levels of CP-S0CS3 uptake 
(Fig. 2c). Intrahepatic lymphocytes showed the highest uptake of 
CP-S0CS3 in vivo (Supplementary Table 1 online). Moreover, 

©liver macrophages (Kupffer cells) and NKT cells showed uptake of 
CP-S0CS3. These results indicate that CP-S0CS3 can be delivered to 
^ major leukocyte and lymphocyte subsets in blood, spleen and liver. ^ 
Whereas these cells are primary participants in the inflammatory 
response because they produce inflammatory cytokines and chemo- 
kines, other cells that comprise potential targets of inflammatory 
injury by cytokines (e.g., hepatocytes) might benefit from delivery 
of CP-S0CS3, Therefore, we determined the distribution of fluor- 
escently tagged CP-SOCS3 in different organs in cryosections ana- 
lyzed by fluorescence microscopy (Fig. 2d). Predictably, liver showed 
the highest level of fluorescence resulting from CP-SOCS3 uptake 
because the intraperitoneal route of administration favors delivery of 
CP-SpCS3 through the portal circulation to this organ. Notably, kidney 
also showed a high level of protein uptake compared to other organs. 
CP-S0CS3 was detectable to a lesser degree in lung, spleen and heart. 
Results obtained in mice treated with diluent were identical to those 
treated with FITC (data not shown). We confirmed this direct fluores- 
cence detection of CP-SOCS3 with indirect immunodetection using 
SOCS3-specific antibody (data not shown). 

Superantigen SEB targets T cells, inducing cytokine-mediated systemic 
inflammation, and causes fiilminant liver injury followed by rapid death 
of D-galartosamine-sensitized mice^^-^^'^^. We used this well-established 
model to test the hypothesis that an in vivo balance in favor of proinflam- 
matory intracellular transducers evoked by cytokines and chemokines 



Fluorescence 



induced by SEB can be shifted toward physiologic anti-inflammatory 
regulators by introduction of recombinant CP-S0CS3. Mice sensitized 
with D-galactosamine were intraperitoneally injected with SEB and 
treated with S0CS3 proteins according to Protocol A. Consistent with the 
ex vivo data (Fig. Ih), we observed strong suppression of IL-6 (Fig. 3a) and 
moderate attenuation of TNF-a production (Fig. 3b) by CP-S0CS3. 

Proinflammatory signaling exemplified by IFN-y-induced STATl 
phosphorylation leads to inducible expression of the major histocom- 
patibility complex (MHC) dass II molecules that contribute to super- 
antigen SEB binding and pathogenity*^*^. Treatment of mice with SEB 
plus D-galactosamine (SEB+D-GAL) increased the expression of MHC 
class II, which peaked at 48 h (Fig. 3c). This induction of MHC class II 
(calculated as 100%) was notsignificanfly altered byHS3 (83%) admin- 
istered intraperitoneally. In contrast, the induction of MHC class II 
was substantially reduced to 14% and 10% after in vivo administration 
of CP-SOCS3 proteins HS3M and HMS3, respectively. This hitherto 
unreported effect- of SOCS3 underscores its negative regulatory role 
in induction of MHC class 11 in vivo, probably through inhibition of 
IFN-y-induced activation of STATl, which interacts with the type IV 
C2ta promoter for expression, of MHC class II * ^. 

We next compared the in vivo effect of CP-SOCS3 using two treat- 
ment protocols, A and B, in the SEB-hD-GAL model of acute liver injury. 
In Protocol A, mice were administered CP-SOCS3 before and after the 
challenge with SEB-hD-GAL. In Protocol B, mice were administered 
CP-S0CS3 only after challenge with SEB+D-GAL. Of C3H/HeJ mice 
treated with intraperitoneal injections of diluent or HS3 according 
to Protocol A, 70-80% showed progressive signs of ilbiess leading to 
death within 48 h after SEB+D-GAL challenge (Fig. 4a). In contrast, 
administration of a CP-S0CS3 (HS3M) produced a markedly protec- 
. tive effect (Fig. 4b). Thus, HS3M increased survival from 20% to 100% 
(P < 0.001), whereas HMS3-treated mice were protected to a lesser 
degree (75% survival,? < 0.05; Fig. 4a). 

Administration of CP-S0CS3 proteins after challenge with SEB+D- 
GAL, according to Protocol B, produced results similar to those obtained 
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SEB+D-GAL in C3H/HeJ mice 
(Treatment protocol B) 



100 
1 75 
w 50 



25 





Diluent n= 5 




HS3n= 5 




HS3Mn= 8 




HS3NSMn== 5 



I 



12 24 36 46 60 72 84 
Hours atter SEB 



ApopTag 




mil HS3M 





(FN-yHS3 
IFN-yHS3M 
-«!r- tFN-yHMS3 
-e- IFN-yHS3NSM 



Protein concentration (pM) 



f LPS/D+GAL in C3H/HeJ mice 

(Treatment protocol A) 



H&E 



ApopTag 



^25- 



Diluent 


n- 


11 


-B-HS3 


n- 


11 


-V-HS3M 


n = 


11 


— »-HMS3 


n = 


11 



' " P< 0.001 
' *><0.01 



12 24 36 48 60 72 64 

Hours after LPS 




HMS3 



Con A in C57BU6 mice 
(Treatment Protocols in A and B) 








OJ HS3 {Protocol A» 


n»4 


■ HS3 (Pratood B) 


na4 


□ KS3M(Pntoc)olA) 


n-4 


■ HS3M (Pfolocei B) 


/I-3 



HS3M 



Time (h) 



Time (h) 




Figure 4 Therapeutic effects of CP-S0CS3 in SEB-, LPS-, and ConA-induced inflammatory iiver 
injury, (a) Survival of C3H/HeJ mice challenged with SEB+D-GAL and treated with CP-S0CS3 
according to Protocol A. (b) Liver sections stained with hematoxylin and eosin (H & E; left panel) or 
with ApopTag (TUN EL assay; right panel). The hallmarks of acute liver injury (apoptosis, hepatocyte 
necrosis and erythrocyte extravasation) diluent and HS3 controls and preserved liver architecture 
without apoptosis and hemorrhagic necrosis are present in CP-S0CS3 (HS3M and HMS3)-treated 
mice, (c) Survival of C3H/HeJ mice treated with CP-S0CS3 (Protocol B) after SEB+D-GAL challenge. 
The treatment protocol included CP-S0CS3 mutant (HS3NSM) lacking SOCS box. (d) Liver sections 
stained with hematoxylin and eosin (H & E) or with ApopTag (TUN EL assay), (e) Structure of 
HS3NSM that contained histidine tag (white), cargo (S0CS3 lacking SOCS box, green) and MTM 
(red), expression in E. co// before (-) and after (+) induction with IPTG monitored by SDS-PAGE 
followed with Coomassie blue staining, and inhibitory activity. RAW cells were pretreated with 
different concentration (3, 6 and 12 ^M) of S0CS3 proteins (HS3. HS3M, HMS3 and HS3NSM) 
for 1 h, followed by treatment with agonist (30 U/ml IFN-y) for 15 min and analyzed for STATl 
phosphorylation, (f) Survival of C3H/HeJ mice challenged with LPS+D-GAL and treated with 
CP-S0CS3 according to the Protocol A. (g) Liver sections stained with hematoxylin and eosin 
(H & E) or with ApopTag (TUNEL assay), (h) Suppression of IFN-yand IL-2 production in C57BU6 
mice challenged intravenously with ConA and treated with CP-S0.CS3 according to Protocols A and 
B. IFN-y(P<.0.05) and IL-2 (P= 0.05) were nieasured by CBA method in blood plasma collected 
from saphenous vein of mice at 2 h and 4 h after ConA challenge. P values represent the significance 
of the difference between the diluent-treated and CP-S0CS3-treated mice. A scanning view of liver 
sections stained with ApopTag (TUNEL assay) assay showed fewer liver lesions in mice treated with 
HS3M as compared to control (Diluent). 
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with Protocol A. HS3M increased survival by 88% as compared to 
mice treated with diluent (0%), HS3 (0%) or HS3NSM (20%; Fig. 4c). 
-Histologic analysis of liver sections obtained from mice injected with 
HS3 according to Protocols A and B or treated with HS3NSM according 
to Protocol B showed diffuse hepatocellular injury marked by extensive 
apoptosis, which was characterized by chromatin condensation and 
DNA fragmentation (Fig. 4b,d). Moreover, hemorrhage and necrosis 
were prominent (Fig. 4b,d). In contrast, surviving mice treated with 
CP-S0CS3 had normal tissue architecture with no signs of apoptotic 
Q} and/or necrotic liver injury. The dependence of CP-SOCS3's thera- 

0 peutic effect on its cargo' rather than on an MTM-nonspecific effect 
"g was established by designing and testing CP-S0CS3 mutant protein 

1 engineered to have an S0CS3-derived amino terminal region and an 
3 SH2 domain fused to MTM, expressed and purified to homogeneity 
I (Fig. 4e). This CP-S0CS3 mutant, denoted HS3NSM, lacked a SOCS 
I box and was cell penetrating, but with considerable loss of function 
^ in a STATI phosphorylation assay (IC5Q >10 |xM, Fig. 4e) as com- 
□ pared with the two CP-S0CS3 proteins that bear a full-length SOCS3 

1 (IC5o<2^iM). 

I The above studies of the therapeutic potential of CP-S0CS3 in the 
J SEB+D-GAL model were extended to another pathogen-derived pro- 
Q. inflammatory agent, LPS, which induces monocyte- and macrophage- 
X mediated acute liver injury in D-galactosamine-sensitized mice^^. We 
a tested this well-established model of LPS lethality in C3H/HeJ mice 
o using a high dose of LPS (130 The C3H/HeJ mice maintain 

O responsiveness to high concentration of LPS through TLR3-Trif path- 
^ way, despite a loss-of-function' mutation of TLR4 (refs. 13,14,22). 
IE Administration of CP-S0CS3 according to Protocol A increased sur- 
= vival of mice to 64% {P < 0.001) and 55% (? < 0.01) in HMS3 and 
^ HS3M groups, respectively, as compared to diluent (18%; Fig. 4f). 
o Histologic analysis documented the protective effect of CP-S0CS3 
3 (HMS3) on LPS-induced massive liver apoptosis and ht:norrhagic 

2 necrosis (Fig. 4g). Thus, CP-SOCS3 was effective in the second model 
g of acute inflammation caused by pathogen-derived LPS. 

g Concariavalin A (ConA)-induced hepatitis represents a widely used 
@ model of inflammatory liver injury mediated by T ceUs and Fas ligand- 
, Fas death receptor signaling In vivo ConA-induced production 
gjjv of T-cell cytokines such as IFN-y and IL-2 was reduced in C57BL/6 
gjmice that received CP-S0CS3 (HS3M) according to Protocols A and B 
- as compared to the mice treated with diluent or HS3 (Fig. 4h). In the 
scanning view of the liver, we observed a marked reduction of ConA- 
induced apoptosis upon treatment with CP-S0CS3 (Fig.4h). 

Cumulatively, the in vivo cytoprotective effect of CP-SOCS3 proteins 
resulted in increased survival of mice challenged with SEB+D-GAL 
or LPS+D-GAL. Moreover, CP-SOCS3 showed similar effectiveness 
on suppression of inflammatory cytokines when administered using 
Protocols A and B. Two control recombinant SOCS3 proteins, non- 
CP-S0CS3 (HS3) lacking MTM and SOCS3 mutant (HS3NSM) that 
contains MTM but lacks functional SOCS box, did not influence any 
parameters studied in animal models of acute inflammation. Thus, 
the anti-inflammatory and antiapoptotic in vivo effects of CP-S0CS3 
proteins depended on structurally intact S0CS3 molecule containing 
the SOCS box and MTM. 

In summary, we have successfully enabled recombinant forms of 
the physiologic inhibitor SOCS3 to be delivered to immune cells, liver 
and other major organ systems. Replenishing the intracellular stores 
of S0CS3 with its cell-penetrating counterpart effectively suppresses 
cytokine-mediated signal transduction associated with acute inflam- 
mation and massive liver apoptosis and hemorrhagic necrosis induced 
by pathogen-derived agonists, leading to increased survival rates. Given 
their efficient delivery and therapeutic potential, cell-penetrating forms 



of conditionally labile inhibitors such as S0CS3 may represent a more 
favorable strategy for treating systemic and localized inflammatory 
syndromes than previously reported approaches using gene transfer 
technology^^. 

METHODS 

Preparation of CP-S0CS3 proteins. The full-length cDNA for murine S0CS3 
was provided by M. Shong (Chungnam National University, Korea). Fusion pro- 
teins comprising a full-length SOCS3 or its loss-of-function deletion mutant were 
engineered as described previously^^"^^. HS3, HS3M, HMS3 and His-S0CS3- 
Mutant-MTM (HS3NSM) were purified by metal -affinity chromatography under 
denaturing conditions (Qiagen) and reconstituted. Purified proteins contained 
8-13 ^ig LPS/mg recombinant protein as determined by the Limulus chromogenic 
assay (Associates of Cape Cod). LPS content was greatiy reduced by incubating 
the bacteria pellet with denaturing buffer containing 8 M urea with agitation 
(>12 h) before sonication and extensive dialysis of purified protein for 24 h with 
300-fold (voiyvol) of DMEM.This method produced recombinant proteins with 
minimal LPS content (0.2-0.3 p,g LPS/mg protein) albeit at lower yield (20-35% 
versus 30-45% recovery). 

Protein labeling and intracellular detection. We labeled proteins with FITC 
(Pierce Chemical) according to the manufacturer's instructions. We analyzed 
FITC-labeled proteins for their intracellular localization in unfixed RAW 264.7 
cells by con focal laser scanning microscopy using direct fluorescence. Cells were 
incubated with 1 ^m FITC-labeled proteins (F1TC-HS3, F1TC-HS3M and FITC- 
HMS3) or an equimolar concentration of unconjugated FITC (FITC only). We 
treated cells with proteinase K to remove cell surface-absorbed proteins'^. 

STATI phosphorylation. We measured phosphorylated STATI in RAW cell 
lysates using a cytometric bead array (CBA, Pharmingen). Cells were pretreated 
with different concentrations (3, 6 and 12 |iM) of S0CS3 proteins (HS3, HS3M 
and HMS3) for 1 h, followed by treatment with agonists (10 U/mJ IFN-Y+ 100 
ng/ml LPS) for 15 min. For western analysis, cells were pretrated with different 
concentrations (3 and 6 p-M) of S0CS3 proteins (HS3, HS3M and HMS3) for 
1 h, followed by treatment with agonists (30 U/ml IFN-7+ 100 ng/ml LPS) for 
15 min. We prepared and analyzed denatured whole-cell lysates by using antibody 
against phosphorylated (pY701)-specific STATI. We also visualized GAPDH as 
internal loading control. 

Cytokine and chemokine measurement. We measured concentrations of TNF-oc, 
IL-6 and MCP- 1 in the culture supernatants of transformed (AMJ2-C8, ATCC) 
or primary macrophages using a CBA performed according to the manufacturer's 
instructions. Primary peritoneal macrophages were obtained from C3H/HeJ 
mice. We pretreated cells with 10 |lM S0CS3 proteins and then stimulated them 
with LPS (1. |ig/ml) and/or IFN-y (100 U/ml) without the removal of S0CS3 
proteins. We collected supernatants for analysis after 4 h or 24 h of stimulation. 

Cell and organ distribution of CP-SOCS3 proteins. We prepared white blood 
cell-rich fractions from blood, total splenocytes from spleen and intrahepatic 
lymphocytes from liver from mice injected intraperitoneally with FITC-S0CS3 
proteins {70 p.g) or an equimolar concentration of FITC^^. CP-SOCS3 in mixed 
cell populations from blood and spleen were analyzed by FACS without fixa- 
tion*^. We also analyzed cellular uptake of CP-S0CS3 in each cell type (T and 
B cells, macrophages, dendritic cells, NK or NKT cells) fi*om blood, spleen or 
liver by FACS. We analyzed tissue distribution of CP-SOCS3 on cryosections 
{ 1 5 ^m thickness) of organ tissues (liver, kidney, lung, spleen and heart) using 
fluorescence microscopy. 

In vivo models of SEB-hD-GAI^induced toxic shock, LPS +D-G Air-induced 
lethal shock and ConA-induced hepatitis. We challenged C3H/HeJ mice with 
an intraperitoneal injection of SEB (280 |J.g/300 )il/mouse, Toxin Technology) 
and D-galactosamine (20 mg/200 nl/mouse, Sigma). Two protocols were designed 
for administration of S0CS3 proteins (0.25 |ig/|il, 300 (il/injection/mouse). We 
intraperitoneally injected proteins or diluent (DMEM) into mice according to 
Protocol A 30 min before and after (30 min, 1 .5 h, 2.5 h, 4.5 h and 6.5 h) challenge 
with inflarnmation inducer. Alternatively, we used Protocol B, in which we admin- 
istered proteins or diluent only after the challenge at the same time intervals as 



NATURE MEDICINE VOLUME 1 1 | NUMBER 8 1 AUGUST 2005 



897 



LETTERS 



above. We intravenously injected C57BL/6 mice with ConA (15 mg/kg, Sigma) 
through the tail vein and then treated them with the proteins (six intraperitoneal 
injections of 75 fig each). In these experiments, CP-S0CS3 contained a negligible 
level of LPS (0.2-0.3 M-g/mg S0CS3 protein). Animal handling and experimen- 
tal procedures were performed in accordance with the American Association 
of Accreditation of Laboratory Animal Care guidelines and approved by the 
Institutional Animal Care and Use Committee of Vanderbilt University. 

In vivo cytokine assay in blood. We collected blood samples taken from the 
saphenous vein (30 before (30 min) and after SEB+D-GAL challenge at indi- 
cated, intervals (0.5, 1 .5, 4 and 6 h), and after ConA challenge at indicated time 
(2 h and 4 h). We measured the plasma level of cytokines using CBA according 
to the manufacturers instructions. 

Measurement of MHC class 11 expression in vivo. At 24 h and 48 h after 
SEB-fD-GAL challenge, we prepared total splenocytes from C3H/HeI mice 
untreated or treated with diluent or S0CS3 proteins. The doubly positive 
(Mac-1 and I-A*') cells were analyzed by FACScalibur. 

Histologic analysis. We stained formalin -fixed and paraffin-embedded sections of 
tissue samples (liver, kidney, lung, spleen and heart) with hematoxylin and eosin. 
Apoptosis of liver cells was evaluated by histology and by TUNEL assay using the 
ApopTag reagent (Chemicon) according to the manufacturer s instructions. 

Statistical analysis. All experimental data obtained fi-om cultured macrophages 
were expressed as mean ± s.d. A two-way repeated measure analysis of variance 
and a log-rank test were used to determine the significance of the difference in 
in vivo cytokine production and survival, respectively. 

Note: Supplementary-information is available on the Nature Medicine website. 
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Stimulation of macrophages with lipopoly saccharide 
(LPS) leads to the production of cytokines that elicit 
massive liver apoptosis. We investigated the in vivo role 
of stress-responsive transcription factors (SRTFs) in 
this process focusing on the precipitating events that 
are sensitive to a cell-permeant peptide inhibitor of 
SRTF nuclear import (cSN50). In the absence of cSN50, 
mice challenged with LPS displayed very early bm-sts of 
inflammatory cytokines/chemokines, tumor necrosis 
factor a (1 h), interleukin 6 (2 h), interleukin 1 p (2 h), 
and monocyte chemoattractant protein 1 (2 h). Activa- 
tion of both initiator caspases 8 and 9 and e:^ector 
caspase 3 was noted 4 h later when full-blown DNA frag- 
mentation and chromatin condensation were first ob- 
served (6 h). At this time an increase of pro-apoptotic 
Bax gene expression was observed. It was preceded by a 
decrease of anti-apoptotic Bcl2 and BcIXl gene tran- 
scripts. Massive apoptosis was accompanied by micro- 
vascular injury manifested by hemorrhagic necrosis 
and a precipitous drop in blood platelets observed at 6 h. 
An increase in fibrinogen/fibrin degradation products 
and a rise in plasminogen activator inhibitor 1 occiurred 
between 4 and 6 h. Inhibition of SRTFs nuclear import; 
with the cSN50 peptide abrogated all these changes and 
increased survival from 7 to 71%. Thus, the nuclear im- 
port of SRTFs induced by LPS is a prerequisite for acti- 
vation of the genetic program that governs cytokines/ 
chemokines production, liver apoptosis, microvascular 
injury, and death. These results should facilitate the 
rational design of drugs that protect the liver from in- 
flammation-driven apoptosis. 



Programmed cell death (apoptosis) is the major mechanism 
of embryonic development and remodeling of tissues and or- 
gans, homeostatic control of immune cells that recognize self 
and non-self antigens, and removal of virally infected cells (1). 
Apoptosis of hepatocytes may occur in fulminant hepatitis, an 
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inflammatory process that is caused by viral and non-viral 
agents (2). For example, recent gene therapy approaches to 
correct an inborn error of metabolism led to fulminant liver 
failure (3). This inflammation-related complication of gene 
therapy impedes broader application of viral vectors (4, 5). The 
sequence of intracellular signaling events that underlie inflam- 
mation-driven development of ultimately fatal liver apoptosis 
remains incompletely understood. 

Fulminant liver apoptosis has been studied in several animal 
models. These studies indicate that activation of T cells with 
concanavalin A (6) or with agonists that interact with T cell 
receptor such as staphylococcal enterotoxin B can lead to mas- 
sive apoptosis (7, 8). Staphylococcal enterotoxin B-induced apo- 
ptosis occurs under conditions of metabolic stress imposed by 
2-amino-2-deoxy-D-galactosamine (o-Gal).^ Similarly, activa- 
tion of macrophages with their Toil-like receptors (TLR) ago- 
nists, such as lipopoly saccharide (LPS, endotoxin), induces 
massive liver apoptosis when animals are treated with ethanol 
or D-Gal (9, 10). By reversibly depleting hepatic stores of uri- 
dine triphosphate (UTP), D-Gal sensitizes hepatocytes to the 
cjiiotoxic effects of tumor necrosis factor a (TNFa) (10, 11). 
Accordingly, massive liver apoptosis induced by a macrophage 
agonist, LPS, or a T cell agonist, staphylococcal enterotoxin B, 
in combination with a metabolic inhibitor, D-Gal, was abro- 
gated in animals deficient in TNFa receptor 1 (TNFR-1) (12- 
14). These in vivo models of liver apoptosis offer an excellent 
way to study fulminant liver injury mediated by inflammatory 
cjrtokines because they provide a well defined and reliable end 
point, which is relevant to human disease states. 

The genetic programs for inflammation and apoptosis are 
regulated by stress-responsive transcription factors (SRTFs) 
either alone or in various combinations (15). These SRTFs 
include nuclear factor kB (NFkB), nuclear factor of activated T 
cells, activator protein 1, and signal transducer and activator of 
transcription 1. In response to proinflammatory stimuli, 
SRTFs are translocated to the nucleus via a set of adaptor 
proteins known as importins/karyopherins a, which in tandem 
with their p subunit ferry the cargo to the nucleus (15, 16). 



' The abbreviations used are: D-Gal, 2-amino-2-deoxy-D-galactosa- 
mine; TLR, Toll-like receptors; LPS, lipopolysaccharide; TNFa, tumor 
necrosis factor a; TNFR-1, tumor necrosis factor a receptor 1; SRTF, 
stress-responsive transcription factors; NFkB, nuclear factor kB; 
cSN50, cyclized form of SN50 peptide carrying an NLS derived from 
NFkBI (p50); SM, control peptide carrying a non-functional NLS mu- 
tation; RAW, murine macrophage cell line RAW 264.7; IL, interleukin; 
MCP-1, monocyte chemoattractant protein 1; ALT, alanine aminotrans- 
ferase; AST, aspartate aminotransferase; FDP, fibrin degradation prod- 
ucts; PAI-1, plasminogen activator inhibitor- 1; TUNEL, TdT-dependent 
dUTP-biotin nick end labeling; ANOVA, analysis of variance; NLS, 
nuclear localization sequence. ^ 
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Importin/karyopherin a2 (Rchl, KPNA2) is the target for a 
cell-permeant peptide-cyclized form of SN50 (cSN50), which 
prevents the nuclear import of SRTFs (17, 18). Here we report 
in vivo studies with cSN50 showing that this cell permeant 
peptide prevents liver apoptosis and death in a murine model of 
LPS toxicity. These findings demonstrate a key role for SRTFs 
in the development of fulminant liver injury induced by LPS 
and mediated by inflammatory cytokines and chemokines. 

EXPERIMENTAL PROCEDURES 

Peptide Synthesis and Purification — cSN50 and SM were synthe- 
sized, purified, filter-sterilized, and analyzed as described elsewhere 
(7, 18). 

Maintenance and Treatment of Cell Line — Murine macrophage cell 
line RAW 264.7 (RAW) was obtained from the American Type Culture 
Collection (Manassas, VA; TIB-71). These cells were cultured in Dul- 
becco's modified Eagle's medium (Cellgro, VA) supplemented with 10% 
heat-inactivated fetal bovine serum containing no detectable LPS 
(< 0.006 ng/ml as determined by the manufacturer, Atlanta Biological, 
Norcross, GA), 2 mM L-glutamine, 100 units/ml penicillin, and 100 
^g/ml streptomycin. The viability of RAW cells was >80% in all exper- 
iments. RAW cells were placed in 96-well plates (200 /il/well at 2 X 
10^/ml) and treated with different concentrations of cSN50 and SM 
peptides (0, 5, 10, 30, and 50 fiM) 30 min before stimulation by 2 ng/ml 
LPS from Escherichia coli 0127:B8 (Sigma). Each experimental sample 
was nm in duplicate or triplicate. Cells were incubated for 6 h at 37 "C 
in 5% CO2. Supernatant samples from the medium of RAW cells treated 
with LPS and/or peptide were collected and frozen at -80 "C until 
assayed for cytokine levels. 

Animal Treatment Protocols— Female C57BL/6 mice (8-12 weeks 
old, — 20 g) were purchased from The Jackson Laboratory (Bar Harbor, 
ME). Mice were injected intraperitoneally with 1 ^g of LPS (5 ^ig/rrd, 
Sigma) and 20 mg of D-Gal (100 mg/ml, Sigma), both in pyrogen-free 
saline. Mice were randomly divided into two groups; diluent control, 
which received 5% dimethyl sulfoxide in sterile HgO, or a treatment 
group that received the cSN50 peptide (0.7 mg in 200 ;xl of 5% dimethyl 
sulfoxide in sterile HjO as diluent). The treatment group received seven 
intraperitoneal Injections before (30 min) and after (30, 90, 150, and 210 
min and 6 and 12 h) LPS and D-Gal challenge. However, the control 
group usually received five intraperitoneal injections of diluent because 
of the worsening condition of the animals and their rapid death. An 
additional group of 15 mice received the SM peptide (cell-permeant but 
functionally inactive analog of cSN50) in a dose of 2 mg given intrap- 
eritoneally before (30 min) and after (30, 90, 150, and 210 min). Due to 
the rapid demise of these mice, two additional injections at 6 and 12 h 
could not be administered. Animals were observed at hourly intervals 
for signs of acute toxicity (piloerection, ataxia, and the lack of reaction 
to cage motion) that herald imminent death. Inactive animals were 
euthanized. Animals vrithout apparent signs of disease (survivors) were 
euthanized at 72 h after LPS and D-Gal. Some survivors were observed 
for an additional 7 days and then were euthanized. The blood samples 
from the saphenous vein were collected in heparinized tubes for plasma 
separation and in regular tubes for serum separation before and after 
LPS and D-Gal challenge at the indicated times. Some experimental 
animals were sacrificed at 2, 4, and 6 h for collection of organs. The liver 
was removed, and some pieces were frozen in liquid nitrogen and stored 
at -80 ^C for caspase assay and RNA isolation. Other parts of the Hver 
as well as other organs (spleen, kidney, lung, and heart) were immersed 
in 10% formalin for histologic analysis. Animal handling and experi- 
mental procedures were performed in accordance with the American 
Association of Accreditation of Laboratory Animal Care guidelines and 
approved by the Institutional Animal Care and Use Committee. 

Cytokine Assays of ^Plasma and Cultured Cell Supernaiants — 
Supernatant levels of TNFa, interleukin (IL)-10, and IL-6 in cultured 
RAW cells and plasma levels of IL-1^ were measured by enzyme-linked 
immunosorbent assay according to the manufacturer's instructions 
(ELISA, R&D Systems, Minneapolis, MN). TNFa and IL-6 in plasma, 
monocyte chemoattractant protein 1 (MCP-1) in plasma, and in cultured 
RAW cell supernatant were measured by a Cytometric Bead Array (BD 
Biosciences) according to the manufacturer's instructions (7, 19). 

Measurement of Liver Enzymes — Activities of the liver enzymes ala- 
nine aminotransferase (ALT) and aspartate aminotransferase (AST) 
were measured in serum according to the modified manufacturer's 
instructions (Catachem Inc., Bridgeport, CT). Briefly, ALT or AST- 
working reagent and serum samples on ice were mixed at 12:1 ratio in 
cuvettes and then incubated in a 37 "C water bath for 5 min. After 
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incubation, the decrease in absorbance at 340 nm was monitored at 
1-min intervals for at least 5 min, and the decrease in absorbance per 
minute was calculated (AA). ALT or AST concentration (unit/liter) in 
samples was calculated using the formula, unit/liter = AA x 1929. 

Caspase Assays — Caspase 3, 8, and 9 activities in liver tissue were 
measured using a Caspase-Glo assay kit (Promega) and modified pro- 
tocol. Briefly, the proluminescent substrate containing the DEVD, 
LETD, or LEHD (sequences are in a single-letter amino acid code) is 
cleaved by caspase-3, caspase-8, and caspase-9, respectively. After 
caspase cleavage, a substrate for luciferase (aminoluciferin) is released; 
this results in the luciferase reaction and the production of luminescent 
signal. Cytosolic extracts from liver tissue were prepared by Bounce 
homogenization in hypotonic extraction buffer (25 mM HEPES, pH 7.5, 
5 mM MgCl^, 1 mM ECJTA, 1 mM Pefablock, and 1 ^g/ml each pepstatin, 
leupeptin, and aprotinin) and subsequently centrifuged (15 min, 13,000 
rpm, 4 °C) ( 19). The protein concentration of supernatant was adjusted 
to 1 mg/ml with extraction buffer and stored at -80 "C. An equal 
volume of reagents and 10 ^Lg/ml cytosolic protein were added to a 
white-walled 96-well plate and incubated at room temperature for 1 h. 
The luminescence of each sample was measured in a plate-reading 
luminometer. 

ENA Preparation and cDNA Synthesis — Total RNA was extracted 
from frozen liver tissue with Versagene RNA tissue kit (Centra Sys- 
tems, Inc., Minneapolis, MN) and treated with DNase (Versagene 
DNase treatment kit, Gentra Systems, Inc.) following the manufactur- 
er's instructions. The integrity of RNA preparations was assessed using 
a NanoDrop® ND-1000 spectrophotometer and agarose gel electro- 
phoresis. First-strand cDNA was S3mthesized with a High Capacity 
cDNA Archive kit (Applied Biosystems, Foster City, CA). Briefly, 1 /xg 
of total RNA was used as the template for sjmthesis of cDNA in a 50-^x1 
reaction and incubated at 25 "C for 10 min followed by 37 "C for 
120 min. 

RNA Quantification with Specific Probes by Real-time PCR— Detec- 
tion of mRNA expression levels by real-time PCR with a reporter probe 
has been established in amplification kinetics studies using reverse- 
transcribed transcripts as template (20, 21). RNA quantification of 
specific genes was performed using a TaqMan assay (Applied Biosys- 
tems). A probe for eukaryotic 18 S rRNA endogenous control (product 
4319413E) was VIC/minor groove binder-labeled. The primers and 
FAM/minor groove binder-labeled probes for the following genes were 
purchased from ABI (TaqMan As say-on -Demand): Bcl2 (assay ID 
Mm00477631_ml), BcIXl (assay ID Mm00437783_ml), and Bax (assay 
ID Mm00432050_ml). Eukaryotic 18 S rRNA was used as an endoge- 
nous control in a multiplex PCR reaction with a primer/probe of the 
gene of interest. For each reaction, 2X TaqMan universal PCR master 
mix (Applied Biosystems), 900 um primers, and 250 nM probes in 10 fjd 
were added to 384-well plate. Real-time PCR and subsequent analysis 
were performed with the ABI Prism 7900HT sequence detection system 
(SDS v2.1) (Applied Biosystems) using the following conditions: 50 "C 
for 2 min, 95 "C for 10 min, and then 40 cycles of amplification (95 
denaturation for 15 s, 60 "C annealing/extension for 1 min). All PCR 
reactions were performed in triplicate for each sample and were re- 
peated three times. 

Platelet Count, Detection of Fibrin Degradation Products (FDPs), and 
Plasminogen Activator Inhibitor 1 (PAI-1) Total Anii^en— Heparinized 
firesh blood was diluted 1:60 in 1% ammonium oxalate (EM Science) and 
rocked for 20 min. The sample was added to hemac3rtometer, and after 
20 min, platelets were coimted. FDPs in serum were detected by staph- 
ylococcal clumping test as described elsewhere (22). Briefly, staphylo- 
cocci {Staphylococcus aureus sp. aureus ATCC 25904) that express 
clumping factor were grown and processed to prepare a standardized 
smooth bacterial suspension for determining a clumping titer in serum 
samples. The clumping titer was expressed as a reciprocal of the highest 
dilution of tested serum giving a positive clumping reaction. PAI-1 total 
antigen in plasma was measured by an ELISA kit according to the 
manufacturer's instructions (Molecular Innovations, Inc., Southfield, 
MI). 

Histology Analyses— Organ samples (liver, spleen, kidney, lujig, and 
heart) were collected from mice showing typical signs of acute toxicity 
shortly before death or from surviving mice that were euthanized after 
72 h or at the indicated times. Formalin-fixed, paraffin-embedded sec- 
tions were stained with hematoxylin and eosin or periodic acid-Schiff 
and hematoxylin to assess injury and hemorrhage. Apoptosis of the 
liver was evaluated by characteristic cytologic changes and by TdT-de- 
pendent dUTP-biotin nick end-labeling (TUNEL) assay using the Apop 
Tag reagent (Intergen) according to the manufacturer's instructions. 

Statistical Analysis — All experimental data except survival were ex- 
pressed as the mean i S.E. A one-way analysis of variance, a two-way 
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Fig. 1. Time-dependent development of liver apoptosis and 
hemorrhagic necrosis. A, liver sections from C57BL/6 mice injected 
with LPS and D-Gal and sacrificed at indicated times were stained with 
hematoxylin and eosin (H & E) or with Apop Tag (TUNEL assay). A 
single dying cell is seen at 4 h (arrow), whereas there is massive 
necrosis, hemorrhage, and apoptosis at 6 h. S, liver section at 6 h 
stained with hematoxylin and eosin shows aggregates of platelets 
within a blood vessel (arrow). 

repeated measure analysis of variance, and Student's i test were used to 
determine the significance of the difference. A log rank test was used for 
analysis of survival. 

RESULTS 

In Viuo System for Studying Apoptosis in the Liver — Mice 
challenged with a high dose of LPS (40 mg/kg) do not manifest 
hepatocyte apoptosis despite excessive production of TNFa 
(18). This tolerance of hepatocytes to T'iFa can be dramatically 
lowrered by administering LPS (50 Mg/kg) in combination virith 
D-Gal (10, 23, 24), which leads to massive liver apoptosis. This 
striking shift in LPS toxicity led us to explore the mechanism of 
LPS action on the apoptotic process in sensitized mice. As 
shown in Fig. L4, sequential analysis of liver apoptosis, man- 
ifest by DNA fragmentation detected by TUNEL assay and 
chromatin condensation, indicates the lack of major changes 
until 4 to 6 h after the administration of LPS and D-GaL 
Concomitant with massive apoptosis, the livers displayed hem- 
orrhagic necrosis at 6 h, an apparent consequence of a break- 
down of endothelial integrity. This form of microvascular injury 
is presumably responsible for platelet thrombi as shown in Fig. 
LB. Thus, the development of massive apoptosis of the liver is 
accompanied by hemorrhagic necrosis, a consequence of micro- 
vascular injury. The lack of DNA fragmentation and a paucity 
of other detectable changes in liver architecture during the first 
4 h raise a series of questions about the dynamics of hver 
apoptosis induced by LPS. First, is this process regulated by 
nuclear import of SRTFs? Second, would blockade of nuclear 
import result in (a) cytoprotection against the leakage of liver 
enzymes, ib) suppression of initiator and effector caspases, (c) 
maintenance of the balance between the expression of anti- 
apoptotic and pro-apoptotic genes, and (d) prevention of hem- 
orrhagic necrosis? To address these mechanistic questions, we 
performed time course studies and monitored markers of in- 
flammation, hepatocyte dysfunction, apoptosis, and microvas- 
cular injury, 

LPS-induced Expression of Inflammatory Cytokines and 
Chemokines in Murine Macrophages Depends on Nuclear Im- 
port of SRTFs — Macrophages comprise an estimated 20-40% 
of the liver cells in rats and mice and display TLR4, a receptor 
for LPS (23, 25, 26). In response to TLR4-generated signals, 
NFkB and other SRTFs are deployed to the nucleus, where 



they regulate a myriad of genes encoding mediators of inflam- 
mation and apoptosis (15). A cell-permeant nuclear import 
inhibitor, cSN50 peptide, was developed by us to suppress the 
deployment of SRTFs in the nucleus (18). This bipartite inhib- 
itor contains a membrane-translocating motif, which allo\y;s 
rapid penetration of cell membrane, and a "cargo" comprised:of 
a cycHzed nuclear locaHzation sequence (NLS) that enables this 
peptide to competitively inhibit cytoplasmic/nuclear import ^of 
NLS-containing SRTFs. To validate the dependence of LPS- 
induced inflammatory cytokines/chemokines production on nu- 
clear import of SRTFs, we evaluated the potency of cSN50 
peptide as compared with its mutated analog, SM peptide, in 
cultured murine macrophage RAW cells stimulated with LPS. 
As shown in Fig. 2, the cSNSO peptide in a range of concentra- 
tions from 5 to 50 significantly inhibited LPS-induced ex- 
pression of inflammatory cytokines TNFa (p < 0.0001), IL-6 
(p < 0.0001), IL-1)3 (p < 0.0001), and chemokine MCP-1 (p < 
0.0001). In contrast, the cell-permeant SM peptide that con- 
tains mutated NLS as cargo was without effect on LPS-induced 
inflammatory cytokine/chemokine expression, attesting to the 
specificity of a nuclear import inhibitory sequence. Impor- 
tantly, these two peptides, cSN50 and SM, did not affect the 
viability of LPS-stimulated RAW macrophages (>80% under 
these experimental conditions). These results extend our pre- 
vious findings of inhibition of SRTF nuclear import in LPS- 
stimulated macrophages (18) to the concentration-dependent 
inhibition of inflammatory cytokine/chemokine expression. 

Time Course of Inflammatory Cytokines and Chemokine Ex- 
pression — We serially monitored the levels of inflammatory 
cytokines/chemokines in blood to investigate the sequence of 
events preceding massive apoptosis of the liver, which was not 
fully apparent until 6 h after administration of LPS and D-Gal 
(Fig. 1). As shown in Fig. 3, TNFa levels rose very rapidly in the 
circulation, reaching a peak in plasma at 1 h. Bursts of IL-6 
and chemokine MCP-1 at 2 h followed a very early rise in 
TNFa. On the other hand IL-1/3 showed a more progressive rise 
in systemic levels. Administration of LPS alone induced similar 
response of inflammatory c3i;okines and chemokine, but D-Gal 
alone did not have a detectable effect on inflammatory cyto- 
kines and chemokine production in vivo (data not shown), 
thereby confirming the requirement for LPS to induce an in- 
flammatory cytokine/chemokine response. This response was 
suppressed significantly by the cSN50 peptide, affirming the 
dependence of the in vivo production of inflammatory media- 
tors on the nuclear import of SRTFs. 

Time-dependent Induction of Enzyme Markers for Hepatocyte 
Injury — ALT and AST measured in serum provide an index of 
hepatocyte integrity. Leakage of ALT/AST into the extracellu- 
lar compartment and a subsequent rise in serum reflect hepa- 
tocyte damage. These enzymes are significantly elevated in a 
number of conditions that cause fiver injury including viral and 
bacterial infections, alcohol, and drug toxicity (27). As shown in 
Fig. . 4, the serum ALT and AST activity increased rapidly 
during the first 4 h after administration of LPS and D-Gal and 
then dropped precipitously at 6 h. This drop most likely reflects 
liver failure (see Fig. 1). Significantly, the cSN50 peptide pre- 
vented the rise in liver enzymes ALT and AST. Thus, by sup- 
pressing expression of inflammatory mediators, a nuclear im- 
port inhibitor exerts a cytoprotective effect on liver cells in this 
model. Solo administration of LPS or D-Gal to the control 
groups of mice produced a moderate increase in serum ALT and 
AST levels with delayed peaks of activity at 8 and 24 h, respec- 
tively, and v^dthout massive apoptosis or reduced survival (data 
not shown). 

Activation Kinetics of Initiator and Effector Caspases — Al- 
though the peak of TNFa required for activation of its cognate 
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Fig. 2. Nuclear import inhibitor, 
the cSN50 peptide, suppresses in a 
concentration-dependent manner in- 
flammatory cytokine and chemokine 
expression in murine macrophage 
RAW cells induced by LPS. cSN50 pep- 
tide (triangles) and mutant peptide SM 
(circles) were added to cells at different 
concentrations 30 min before the addition 
of LPS (2 ng/ml). Supernatant samples 
from the medium were collected after 6 h 
of culture and analyzed by ELISA for lev- 
els of cytokines TNFa (A), IL-6 (B), and 
IL-1^ (C) or by Cytometric Bead Array for 
chemokine MCP-1 (D). Error bars in pan- 
els A-D indicate the ± S.E, of the mean 
value from three independent experi- 
ments, p values represent the significance 
of difference between the SM peptide and 
cSN50 peptide- treated groups (two-way 
ANOVA) as well as the cytokine level 
with or without cSN50 peptide (one-way 
ANOVA). 
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Fig. 3. Time-dependent expression 
of inflammatory cytokines and a che- 
mokine in control and cSN50 pep- 
tide-treated mice. Wild-type C57BL/6 
mice were treated with cSN50 peptide 
(0.7 mg in 200 /xl of 5% dimethyl sulfox- 
ide) or diluent (200 fjX) in 7 intraperito- 
neal injections before (30 min) £uid after 
(30, 90, 150, and 210 min and 6 and 12 h) 
intraperitoneal administration of LPS 
with D-Gal. Blood plasma levels of cyto- 
kines TNFa (A), IL-6 (B), IL-1)3 (C), and 
chemokine MCP-1 (D) were measured in 
diluent controls (circles) and cSN50 pep- 
tide-treated animals (triangles) over the 
6-h time period after LPS/D-Gal chal- 
lenge. Error bars in panels A-D indicate 
the ± S.E. of the mean value in five mice 
that are represented by each data point, p 
values represent the significance of the 
difference between the control and the 
cSN50 pep tide- treated groups (two-way 
ANOVA). 



death receptor TNFR-1 occurs at 1 h, activation of initiator and 
effector caspases is observed much later. This family of intra- 
cellular aspartate-specific cysteine proteases exists as inactive 
proenzymes ("zymogens"). Caspase activation can be measured 
using specific substrates, Caspase 8 mediates TNFR-l-proxi- 
mal events in cell death signahng. Caspase 9 is activated by 
cytochrome c released from mitochondria. Caspase 3 is dubbed 
DEVDase because it cleaves a DAXD motif, a substrate shared 
with caspase 7; it is an "executioner caspase," which can be 
activated directly by caspase 8 or by caspase 9 (28-32). Thus, a 
cascade of proteol3i;ic events initiated by TNFa and mediated 
by caspases leads to nucleosomal DNA fragmentation and chro- 



matin condensation as documented in Fig. 1. Despite a very 
early burst in TNFa production (see Fig. 3), the caspase cas- 
cade was considerably delayed. As shown in Fig. 5, the initiator 
caspases 8 and 9 were activated between 4 to 6 h in mice given 
LPS and D-Gal. Consistent with these findings, "effector" 
caspase 3 was not activated during the first 4 h. Caspase 3 (and 
caspase 7) showed a burst of proteolytic activity at 6 h. Thus, 
anti-apoptotic mechanisms significantly slowed death receptor 
signaling initiated by TNFa. Moreover, caspase activation was 
almost totally suppressed in the livers of mice treated with the 
cSN50 peptide. Thus, nuclear import of SRTFs is a rate-limit- 
ing step for initiation of pro-apoptotic signaling by TNFa and 
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Fig. 4. Time-dependent liver enzyme 
induction by LPS and l>-Gal in control 
and cSN50 peptide-treated mice. Wild- 
type C57BL/6 mice were treated with 
cSN50 peptide (0.7 mg) or diluent as indi- 
cated in Fig. 3 before and after intraperito- 
neal administration of LPS with D-GaL 
Blood serum levels of ALT (A) and AST (S) 
were measured in diluent controls {circles) 
and cSN50 peptide-treated animals (trian- 
gles) over the 6-h time period after LPS/d- 
Gal challenge. Error bars indicate the ± 
S.E. of the mean value in five mice that are 
represented by each data point, p values 
represent the significance of the difference 
between the control and the cSN50 pep- 
tide-treated groups (two-way ANOVA). 
U/L, unit/liter. 
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Fig. 5. Time- dependent activation of initiator and effector caspases in control and cSN50 peptide-treated mice. Wild-type C57BL/6 
mice were treated with cSN50 peptide (0.7 mg in 200 /il of 5% dimethyl sulfoxide) or diluent before and after intraperitoneal administration of LPS 
with D-Gal according to the protocol described imder "Experimental Procedures." Caspase activities in hver were measin-ed in diluent controls (open 
bar) and cSN50 peptide-treated animals {solid bar). Error bars indicate the ± S.E. of the mean value in four mice that are represented by each 
data point, p values represent the significance of the difference between the control and the cSN50 peptide-treated groups (two-way ANOVA). RLU, 
relative light units. 



other inflammatory cytokines in the LPS-induced model of 
liver apoptosis (10, 11, 24). 

Alteration in the Balance between Gene Expression ofAnti- 
apoptotic and Pro-apoptotic Proteins Induced by LPS and D- 
Gal — The observed delay in caspase activation could be due to 
the initial balance between anti-apoptotic Bcl2 family proteins 
e,g. Bcl2, BcIXl, and pro-apoptotic proteins, e.g. Bax, Bid. Such 
a balance is important for maintaining cell homeostasis (33, 
34). Quantitative analysis of the liver transcripts of the pro- 
apoptotic gene bax indicated that its expression was signifi- 
cantly increased at 6 h after challenge with LPS and D-Gal (Fig. 
6A). Conversely, expression of Bcl2 and BcIXl was significantly 
decreased at 2 h (Fig. 6, B and C). Treatment with the cSN50 
peptide suppressed the transcriptional activation of Bax gene 
and prevented the subsequent shift in balance of these tran- 
scripts that favors apoptosis. 

Time-dependent Changes in Markers for Microvascular 
Injury — In this model of LPS-induced liver apoptosis the DNA 
fragmentation is demonstrated by 6 h along v^dth extensive 
hemorrhagic necrosis of the liver (see Fig. LA). Hemorrhage 
reflects a break in the integrity of microvascular endothelium 
associated with the formation of intravascular platelet thrombi 
(Fig. 15), The mechanism of microvascular injury remains 
unexplained. 

To sequentially analyze this process, we monitored circulat- 
ing platelets. The platelet count demonstrated that its normal 
range is maintained during the first 4 h after administration of 
LPS and D-Gal (Fig. 7). However, a precipitous drop in circu- 
lating platelets occurred between 4 and 6 h. In tandem with 
platelet count, we measured FDP in murine serum by the 
staphylococcal clumping test that detects this marker of intra- 
vascular coagulation (22). FDP level was significantly in- 



creased at 4 and 6 h. For comparison, PAI-1, which promotes 
vascular thrombosis in mice (35), was significantly increased at 
6 h. The mice injected with LPS alone in = 4) or D-Gal alone 
in = 4) did not show alterations in platelet count. In contrast, 
PAI-1 levels were elevated in LPS-challenged mice but not in 
those that received D-Gal alone (data not shown). Thus, these 
markers of microvascular injury peak at 6 h when there is 
histologic evidence of massive apoptosis of the liver and wide- 
spread hemorrhagic necrosis in response to LPS and D-Gal (Fig. 
1, A and B). More importantly, these markers of microvascular 
injury were significantly suppressed when mice were treated 
with the cSN50 peptide, further indicating the overall depend- 
ence of this process on the nuclear import of proinflammatory 
SRTFs. 

Massive Apoptosis of the Liver and Survival of the Mice Are 
Dependent on Nuclear Import of SRTFs — A combination of LPS 
and D-Gal in this model leads to death vrith massive apoptosis 
and hemorrhagic necrosis of the liver. As documented in Fig, 8, 
control mice treated with diluent showed characteristic pro- 
gressive signs of sickness resulting in the early death of 26 of 
the 28 mice within 6-12 h. In contrast, the administration of 
the cSN50 peptide produced a dramatically protective effect. 
Twenty of 28 mice recovered fully from LPS/D-Gal challenge 
and survived at least 72 h. Thus, the cSN50 peptide increased 
survival fi-om 7 to 71%. Based on the log rank test, the differ- 
ence in the survival rate between cSN50 peptide-treated mice 
and the control mice was statistically significant (p < 0.0001). 
Another group of 15 mice, which were treated with the SM 
peptide (twice the cumulative dose level of cSNSCi), showed 
rapid signs of LPS/D-Gal toxicity and died within 6-12 h (re- 
sults not shown). These control experiments with the SM pep- 
tide containing a mutated NLS confirm the essential role of 
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Fig. 6. Gene expression of pro-apoptotic (Box) and anti-apoptotic iBcl2 and BclX^^) members of the Bcl2 family in the livers of 
control and cSN50 peptide treated mice. Wild-type C57BL/6 mice were treated with cSN50 peptide (0.7 mg in 200 /xl of 5% dimethyl sulfoxide) 
or diluent before and after intraperitoneal administration of LPS with D-Gal according to the protocol described under "Experimental Procedures." 
Bax (A), Bcl2 (B) and BcIXl (C) mRNA levels in liver were measured using real-time PGR. The relative expression of each mRNA compared with 
18 S rRNA was calculated according to the equation (ACt = Ci^^„^t ~ CtigsrRNA- The relative amoxmt of target mRNA in control {open bar) and 
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of the mean value in four mice that are represented by each data point, p values represent the significance of the difference between the control 
and the cSN50 peptide-treated groups (Student's t test). 
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Fig. 7. Time-dependent changes in the markers of microvascular iiyury in control and cSNSO peptide-treated mice. Wild-type 
C57BL/6 mice were treated wdth diluent {circles) or cSN50 peptide {triangles) as indicated in Fig. 3 before and after intraperitoneal administration 
of LPS with D-Gal. Platelet count (A) was performed manually, and FDP levels in serum were measured by the staphylococcal clumping test in 
which the clumping titer was expressed as a reciprocal of the highest dilution of tested serum giving a positive clumping reaction (B). PAI-1 total 
antigen (C) in plasma was measured by ELISA. Error bars indicate the ± S.E. of the mean value in four mice/group (A and B) or 9 mice/group (C) 
that are represented by each data point, p values represent the significance of the difference between the control and the cSN50 peptide-treated 
groups (two-way ANOVA). 



this sequence in nuclear import blockade achieved with cSN50. 
Mice that received either LPS (1 fxg) alone (n = 5) or D-Gal (20 
mg) alone (n = 10) did not show signs of sickness and survived 
(data not shown). These survival data correlated with suppres- 
sion of apoptotic injuiy and hemorrhagic necrosis of the liver 
(Fig. 8J5). Non-survivors exhibited severe liver injury charac- 
terized by extensive apoptosis and hemorrhagic necrosis. In 
contrast, the mice that were treated with the cSN50 peptide 
and survived showed normal tissue architecture with normal 
content of periodic acid-Schiff-positive material (e.g. glycogen) 
and without signs of apoptosis. Thus, a nuclear import inhibi- 
tor in this model prevents the entire process of massive hver 
apoptosis and microvascular injury induced by LPS. 

DISCUSSION 

This study demonstrated that blocking nuclear import of 
proinflammatory SRTFs counteracts a full-blown apoptosis 
and necrosis of the liver and has a death-sparing effect in this 
LPS -induced and macrophage-mediated model of fulminant 
liver failure. The SRTFs signaling network is an attractive 
target for therapeutic intervention in this context because a 
nuclear import inhibitor administered parenterally signifi- 
cantly offsets the hepatotoxicity of LPS. These new results 
expand the previous findings obtained in a different model of 



staphylococcal enterotoxin B-induced and T cell-based fatal 
liver injury (7). We have now demonstrated the beneficial ef- 
fects of SRTF nuclear import blockade in two diverse models of 
liver injury. These highly reproducible models allow experi- 
mental study of an important biologic process, inflammation- 
associated apoptosis. Moreover, these models broaden our un- 
derstanding of inflammation-driven hver apoptosis, which 
constitutes a life-threatening disease mechanism of increasing 
incidence. Among an estimated 2 billion cases of viral hepatitis 
worldwide, --20 million will develop fulminant liver failure 
associated with apoptosis (6). Similarly, scores of alcoholic liver 
disease cases can be compUcated by concomitant infection/ 
inflammation-driven and TNFa-mediated apoptotic liver in- 
jury (36-38). The need for new therapeutic approaches to pro- 
tect the liver from these devastating complications is apparent. 
Targeting nuclear import of proinflammatory SRTFs comprises 
one of the potential approaches to the control of inflammation- 
driven liver apoptosis. 

The follov^dng lines of evidence establish the essential role of. 
nuclear import of SRTFs in development of massive apoptosis 
and microvascular injury of the liver, (i) TNFa, a key inflam- 
matory cytokine responsible for development of liver apoptosis 
(11, 24) was suppressed by our inhibitor of nuclear import of 
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Fig. 8. Survival and liver apoptosis accompanied by hemor- 
rhagic necrosis in control mice as compared with the cSN50 
pepti de-treated mice. A, survival of vd Id -type 0573176 mice chal- 
lenged with LPS and D-Gal that were treated with cSN50 peptide 
(triangles) or diluent (circles) as ir-aicated in Fig. 3. p values represent 
the significance of the difference between the control and the cSN50 
peptide-treated groups. B, liver sections stained with hematoxylin and 
eosin (H & E), periodic acid-Schiff* (PAS), or with Apop Tag (TUNEL 
assay). Note the hallmarks of acute liver injury (apoptosis, hepatocj^ 
necrosis, and erythrocyte extravasation) in diluent controls and pre- 
served liver architecture without apoptosis and hemorrhagic necrosis in 
cSN50 peptide-treated mice. Histologic examination of survivors ob- 
served for 10 days showed no lesions (not shown). Mice receiving either 
D-Gal alone (n = 10) or LPS alone (n = 5) survived and after 3 days of 
observation showed no evidence of liver injury (not shown). 

SRTFs, (ii) other inflammatory cytokines (IL-6 and IL-1^) and 
the chemokine MCP-1 were also suppressed, indicating a broad 
spectrum of inhibition of these inflammatory mediators by 
cSN50 peptide in contrast to the inactive SM peptide contain- 
ing mutated NLS, (iii) suppression of inflammatory mediators 
was accompanied by a cytoprotective effect on hepatocytes re- 
flected by normal level of ALT and AST in serum of animals 
treated with cSN50, (iv) initia'tor and effector caspases were 
suppressed, and a balance between anti-apoptotic and pro- 
apoptotic gene transcripts was maintained, (v) DNA fragmen- 
tation in the liver cells was averted, (vi) microvascular injury 
was prevented, and (vii) survival of mice that were treated v^dth 
cSN50, an inhibitor of SRTFs nuclear import, was significantly 
improved. In contrast to non-survivors that usually died within 
the first 12 h after administration of LPS and D-Gal, the sur- 
viving animals lived at least 3 days and did not display histo- 
logic evidence of liver injury. The lack of signs of liver and other 
organ injury in mice that received a nuclear import inhibitor 
persisted for at least a week when observation was extended. 
Thus, inhibition of nuclear import of SRTFs affords a lasting 
protection from highly deleterious effects of LPS and D-Gal that 
induce fulminant hver injury. The cSN50 peptide is rapidly 
C^20 min) distributed within mouse blood cells and organs 
after an intraperitoneal injection (18). However, further stud- 
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Fig. 9. Schematic depiction of time course of cytokine/chemo- 
kine activation, hepatocyte Injury as indicated by release of 
liver enzjnoies, apoptosis, and death in this model of LPS-in- 
duced liver injury. A6norma/i/;y index represents the -fold increase in 
parameter studied. 

ies will be required to determine the pharmacokinetics, long- 
term toxicity, and therapeutic efficacy of this new class of 
nuclear import peptide inhibitors. 

As depicted in Fig. 9, sequential analysis of the events lead- 
ing to death due to LPS-induced fulminant liver injury indi- 
cates a lag phase of at least 4 h before activation of initiator and 
effector caspases was detected in the liver. During this lag 
phase the production and action of TNFa and other mediators 
of inflammation depend on signaling to the nucleus in LPS- 
responsive cells that encompass liver macrophages (Kupffer 
cells) (25). This LPS-induced signaling depends on expression 
of TLR4 because TLR4-deficient CSH/HeJ mice escape massive 
apoptosis (24). Moreover, there is a requirement for metabolic 
changes; without the depleting action of D-Gal on UTP in hepa- 
tocytes, LPS is unable to induce massive apoptosis despite a 
robust burst in TNFa (18). When^r^dministered alone, LPS is 
responsible for a rise in TNFa and other cytokines. Neither 
LPS nor D-Gal administered alone induces massive apoptosis of 
the liver and death (10). Thus, development of fulminant apo- 
ptosis requires a combination of transient hepatocyte metabolic 
dysfunction and the burst of inflammatory cytokines to over- 
come anti-apoptotic defenses of the liver. 

The experimental model employed in this study depends 
upon cross-talk between macrophages and hepatocytes as sche- 
matically depicted in Fig. 10. Macrophages respond to LPS via 
TLR-4 and produce TNFa along with other mediators of inflam- 
mation in a SRTFs nuclear import-dependent manner. Appar- 
ently, TNFa via its "death" receptor (TNFR-1) evokes a differ- 
ent pro-apoptotic signaHng in a hepatocyte that is 
metabolically altered by D-Gal. The primary effect of D-Gal is its 
capacity to lower the level of UTP in hepatocytes (10, 24). A 
cascade of initiator and effector caspases is activated in hepa- 
toc3i:es and ultimately leads to the execution of a program of 
DNA fragmentation and chromatin condensation. Sequential 
analysis of pro-apoptotic and anti-apoptotic genes expression in 
the liver indicates that in this model of fulminant liver injury 
there is an early block in transcription of anti-apoptotic genes, 
Bcl2 and BcIXl, before pro-apoptotic gene Bax is transcription- 
ally activated (Fig. 6). The Bax expression between 4 and 6 h 
coincided with activation of initiator caspases 8 and 9 (Fig. 7). 
Activation of caspase 8 reflects signaling by death receptors 
represented by TNFR-1. Activation of caspase 9 indicates that 
changes in mitochondrial integrity have occurred. Such 
changes are usually due to a rise in intracellular Ca^"^, gener- 
ation of reactive oxygen species, ceramide, and pro-apoptotic 
protein -Bax (39, 40). These changes destabilize mitochondria 
and lead to the release of cytochrome c. Although we detected 
occasional DNA fragmentation in the liver using a TUNEL 
assay at 4 h, the most dramatic changes were observed at 6 h 
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Fig. 10. Diagrammatic representa- 
tion of the cross talk of macrophages 
and hepatocytes during LPS-induced 
liver apoptosis. LPS interaction with 
ToU-hke receptor 4 {TLR-4), which is as- 
sociated with CD14, evokes in macro- 
phages a cascade of signahng events lead- 
ing to nuclear import of SRTF. As a 
consequence, genes that encode inflam- 
matory cytokines and chemokine are ac- 
tivated (Figs. 2 and 3). Expressed TNFa 
interacts with its cognate death receptor 
TNFR-1, which triggers a cascade of ini- 
tiator and executioner caspases in D-Gal- 
sensitized hepatoc3iies, which have a de- 
pleted supply of UTP (Fig. 5). The DNA 
fragmentation ensues. The cSN50 peptide 
blocks the nuclear import of SRTFs and 
prevents the activation of genes that en- 
code inflammatory cj^tokines/chemokines 
and PAl-1. See "Discussion" for details. 
FADD, FAS (TNFRSF6)-associated death 
domain protein. TRADD, TNFRSFlA-as- 
sociated via death domain. TRAP, TNF 
receptor- associated factor. tBid, trun- 
cated BH3-interacting domain death ago- 
nist. RIP, receptor (TNFRSF)-interacting 
serine- threonine kinase 1. 



Ce)i-Permeant 
Nuclear Import 
Inhibitor of SRTFs 
(CSN50) 



Macrophage 



D-galactosamtne 




(Fig. L4), Thus, pro-apoptotic signaling induced by TNFa in 
D-Gal-sensitized liver cells requires at least 4 h to overcome 
anti-apoptotic mechanisms as documented in Fig. 1. Subse- 
quently, sometime between the fourth and sixth hour, the 
consequences of the "life or death" decision made by hepato- 
cytes become apparent. Thus, this 2-h time span is decisive for 
development of a full-blovirn apoptosis. Importantly, overex- 
pression of Bcl2 prevents cells from imdergoing apoptosis by 
blocking cytochrome c release from mitochondria induced by a 
variety of stimuli (41). Moreover, inhibition of caspase-3 activ- 
ity with YVAD-chloromethyl ketone protected mice from Hver 
apoptosis and death caused by LPS and D-Gal (42). 

The association of massive apoptosis of the liver with hem- 
orrhagic necrosis reflects a concomitant microvascular injury 
due to a loss of endothelial integrity with attendant extrava- 
sation of erythrocjdes and intravascular formation of platelet 
aggregates (Fig. LB). This is accompanied by a precipitous 
decrease in circulating platelets and generation of FDP. In view 
of the fulminant nature of Hver failure in this model, our 
inabihty to detect fibrin in histologic sections is not surprising. 
Nevertheless, combination of acute platelet consumption and 
generation of FDP strongly suggests a process of microvascular 
injury with thrombosis (43). Consistent with this process, in- 



creased expression of PAI-1 was detected. The cSNSO peptide 
prevented all of these abnormal changes. Thus, three interwo- 
ven mechanisms, inflammation, apoptosis, and microvascular 
dysfunction, depend on induction of a genetic program regu- 
lated by SRTFs and controlled by their nuclear import. 

Broad inhibition of inducible SRTFs nuclear import prevents 
massive apoptosis of the adult Hver, whereas disruption of 
physiologic signaling mediated by NFkB led to TNFa-depend- 
ent apoptosis of fetal liver (44-46). Although the cSN50 pep- 
tide inhibits nuclear import of NFkB, it also blocks nuclear 
translocation of activator protein 1, nuclear factor of activated 
T cells, and signal transducer and activator of transcription 1 
(17, 18). Apparently, the coordinated regulation of genes that 
encode mediators of inflammation and apoptosis by multiple 
SRTFs exceeds the unique role of NFkB in protecting fetal liver 
from TNFa-mediated developmental injury. 

Taken together, our experiments identify a key rate-limiting 
step in the development of LPS-induced apoptosis of the hver 
that may be amenable to therapeutic intervention with nuclear 
import inhibitors. TNFa production and subsequent hepatocyte 
apoptosis may contribute to the development of a number of 
inflammatory liver diseases, including viral hepatitis, alcoholic 
liver disease, Wilson disease, drug-induced liver failure, and 
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ischemia/reperfusion liver damage (34, 47, 48). Moreover, our 
results may have therapeutic applications for other disease 
conditions, such as secondary organ injury after ischemia/ 
reperfusion, due to the excessive production of inflammatory 
cytokines and subsequent neutrophil involvement (49). Thus, 
targeting nuclear import of proinflammatory SRTFs offers a 
new approach to suppress expression of inflammatory and ap- 
optotic mediators in the liver and interrupt the underlying 
disease mechanisms. 
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Staphylococcal enterotoxin B and related toxins that 
target T cells have the capacity to elicit systemic inflam- 
mation, tissue injury, and death. Genes that encode medi- 
ators of inflammation can be globally inhibited by block- 
ing the nuclear import of stress-responsive transcription 
factors. Here we show that cell-permeant peptides target- 
ing Rchl/importin a/karyopherin a 2, a nuclear import 
adaptor protein, are dehvered to T cells where they in- 
hibit the staphylococcal enterotoxin B-induced produc- 
tion of inflammatory cytokines ex vivo in cultured pri- 
mary spleen cells and in vivo. The systemic production of 
tumor necrosis factor a, interferon y, and interleukin-6 
was attenuated in mice either by a cell-permeant cyclized 
form of SN50 peptide or by a transgene whose product 
suppresses the nuclear import of transcription factor nu- 
clear factor kB in T cells. The extent of hver apoptosis and 
hemorrhagic necrosis was also reduced, which correlated 
with significantly decreased mortality rates. These find- 
ings highlight nuclear import inhibitors as a potentially 
useful coimtermeastu'e for staphylococcal enterotoxin B 
and other toxins that trigger harmful systemic inflamma- 
tory responses. 



Staphylococcal enterotoxin B (SEB)-^ causes a spectrum of 
human diseases, including food poisoning and non-menstrual 
toxic shock syndrome (NMTSS) (1,2). SEB is one of the major 
virulence factors regulated by a quorum-sensing mechanism in 
the setting of staphylococcal infections caused by antibiotic- 
resistant strains. These high-risk community-acquired infec- 
tions, which may lead to NMTSS, occur with increasing fre- 
quency as compared with the greater than 2 million hospital- 
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acquired infections recorded annually in the United States (3, 
4). Strikingly, SEB induces a fatal respiratory distress syn- 
drome in non-human primates, suggesting its potential use as 
a bioweapon on the battlefield or in mass civihan settings (5, 6). 
Potential air-borne, water-borne, and food-borne use of SEB led 
to its designation by the United States Centers for Disease 
Control as a category B agent. 

In terms of its mechanism of action, SEB is avidly bound by 
the T cell receptor V)3 chain and by major histocompatibility 
complex class II proteins on dendritic cells or macrophages 
(7-9), The resulting intercellular "synapse" generated by SEB 
engagement leads to excessive production of the inflammatory 
cytokines tumor necrosis factor a (TNFa), interferon 7 (IFN7), 
interleukin (IL)-1|3, IL-2, and IL-6. T cell-produced inflamma- 
tory cytokines contribute to massive vascular injury, organ 
failure, and depending on the mode of exposure potentially 
lethal respiratory distress syndrome or toxic shock (1, 2, 5, 6). 
Active immunization prior to SEB exposure and passive immu- 
nization immediately after exposure are not readily available 
(6). We have designed an alternative approach to antibody- 
mediated neutralization of SEB and related toxins by targeting 
a common step in their intracellular signaling to the nucleus 
required for inflammatory cytokine gene expression. 

The genes that encode inflammatory cytokines are under the 
control of stress-responsive transcription factors (SRTFs), in- 
cluding nuclear factor kB (NFkB), activator protein 1, nuclear 
factor of activated T cells, and signal transducer and activator 
of transcription 1 (STATl) (10). For example, SRTFs are trans- 
located to the nucleus in CD4'^ T cells in response to staphy- 
lococcal enterotoxin A, which is structurally and functionally 
related to SEB (11). Following their mobilization to the T cell 
nuclear compartment, SRTFs act in concert to stimulate tran- 
scription of multiple genes encoding cytokines, chemokines, 
and other mediators of inflammation (12-14). We reasoned 
that simultaneous blockade of these four SRTFs at the level of 
cytoplasmic/nuclear shuttling may yield in vivo protection from 
T cell-mediated toxicosis induced by SEB. 

To test this hypothesis, we applied cell-permeant peptides 
initially engineered by us to inhibit nuclear import of SRTFs in 
monoc3^es and macrophages (15, 16). This process is stimu- 
lated by lipopolysaccharide (LPS) through Toll-like receptor 
4-generated signaling. Because LPS does not stimulate T cells, 
we thus aimed to inhibit nuclear import evoked by a distinct 
recognition- and signaling-based mechanism initiated by SEB 
interaction with T cells. The in vivo SEB toxicity model ana- 
lyzed in this study is characterized by cytokine-dependent ful- 
minant liver injury (17-19) not observed previously with LPS- 
induced lethal shock (16). The novel inhibitors of nuclear 
import employed by us in the SEB toxicity model contain a 
linear or cyclized form of the nuclear localization signal (NLS) 
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Table I 

The composition and labeling of cell-permeant peptides 
Sequences of cell-permeant peptides in single-letter amino acid code comprise membrane-translocating motif (MTM) derived from the hydro- 
phobic region of the fibroblast growth factor 4 signal sequence and cargo of nuclear localization sequence (NLS) derived from nuclear factor kB. 
NLS sequence is cychzed in the cychzed form of SN50 (cSN50) (by the addition of a pair of cysteines) and mutated in SM peptide. SN50 and SM 
peptides were labeled with FITC to study their delivery and intracellular location in T cells. MTM-deficient N50c peptide was labeled with 
fluorescein-S-maleimide (FM) via an NH^-terminal cysteine. 

Peptide Membrane-translocating motif NLS or its mutant 

SN50 peptide AAVALLPAVLLALLAP VQRKRQKLMP 

FITC SN50 peptide ( FITC ) AAVALLPAVLLALLAP VQRKRQKLMP 

cSN50 peptide AAVALLPAVLLALLAP CYVQRKRQKLMPC 

SM peptide AAVALLPAVLLALLAP AT^QNQLMP 

FITC SM peptide (FITC) AAVALLPAVLLALLAP AAADQNQLMP 

FM N50c ( FM } CVQRKRQKLMP 



from the p50/NFkB1 subunit of NFkB (16). NLS was fused to 
the signal sequence hydrophobic segment from fibroblast^ 
growth factor 4. This hydrophobic segment serves as a mem- 
brane-translocating motif (MTM), which enables peptide or 
protein cargoes to cross freely the plasma membrane of multi- 
ple cell types in various organs (16, 20-24) through a receptor/ , 
transporter-independent mechanism (25). Of equal impor- 
tance, these cell-permeant peptides carrying NLS have been 
shown to simultaneously block the nuclear import of multiple 
SKTFs in the cultured Jurkat T cell Hne, a process that is 
mediated by the shuttling molecule Rchl/importin o/karyo- 
pherin-a 2 (26). Thus, we envisaged that global in vivo inhibi- 
tion of SRTF-regulated genes encoding multiple mediators of 
inflammation in T Ijonphocytes, which are essential for SEB- 
induced toxicity (27, 28), would provide a new and useful plat- 
form to counteract noxious intracellular signaHng evoked by 
SEB and related toxins. 

EXPERIMENTAL PROCEDURES 

Peptide Synthesis, Purification, and Labeling — MTM-containing 
peptides (SN50, cSN50, and SM), and MTM-deficient peptide (NSOc) 
were synthesized, purified, filter-sterilized, and analyzed as described 
elsewhere (16, 26). To monitor the delivery of peptides to T cells, the 
SN50 and SM peptides were coupled with fluorescein isothiocyanate 
(FITC) (Pierce) according to the manufacturer's protocol. After exten- 
sive dialyzes against water to remove free FITC, labeled peptides were 
concentrated in a speedvac and used immediately. The NSOc peptide 
was coupled with fluorescein-5-maleimide (Molecular Probes, Eugene, 
OR) according to the manufacturer's protocol. After labeling, the pep- 
tide was dialyzed against two changes (1 h each) of sterile phosphate- 
buffered saline, pH 7.4, containing 10% dimethyl sulfoxide, then two 
changes (1 h each) of phosphate-buffered saline containing 5% dimethyl 
sulfoxide, and then lyophilized and stored at -20 "C. Before use, it was 
reconstituted with water. Relative fluorescence of all peptide solutions 
was determined using a Fusion Universal Microplate Analyser 
(PerkinElmer Life Sciences) at 485 nM excitation, 535 nM emission, 20 
nM band pass. Peptide solutions with equivalent fluorescence units 
were used in all experiments. 

Delivery and Intracellular Detection of Cell-permeant Peptides ex 
Vivo and in Vivo — For ex vivo detection of fluorescein-labeled peptides 
in primary T cells, spleens were harvested from wild type C57BL/6 mice 
and T cells were isolated by negative selection using magnetic beads 
coated with anti -major histocompatibility complex class II (la) mono- 
clonal antibody (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) 
according to the manufacturer's instructions. Purified CDS"^ T cells 
(>89% 003"^ as determined by fluorescence-activated cell sorter 
(FACS)) (BD PharMingen) were resuspended in RPMl 1640 without 
supplements and incubated with 5 /iM FITC-labeled SN50 or SM pep- 
tide or unconjugated FITC for 30 mi n at 25 "C in duplicate. Fluorescein- 
labeled N50c, which lacks an MTM, was used as a control. One of each 
was then treated with 5 fig/ml proteinase K (BD Biosciences, Clontech, 
Palo Alto, CA) for 10 min at 37 "C. To document susceptibility of 
peptides to proteolytic degradation, they were incubated with 5 /xg/ml 
proteinase K for 10 min at 37 "C prior to the addition of T cells. After all 
treatments, cells were washed two times with phosphate-buffered sa- 
line. Cell fluorescence was measured in FACScalibur using forward 
versus side light scatter; green fluorescence was collected with a 530 ± 
30-nm band pass filter. This protease accessibility test assures meas- 
urement of that pool of fluorescein-labeled peptide that was translo- 



cated across the plasma membrane to reach an intracellular compart- 
ment (cytoplasm), making it inaccessible to proteinase K action. For in 
vivo detection of fluorescein-labeled peptides in T cells, blood and 
spleens were harvested (16) from wild type BALB/c mice 30 min after 
intraperitoneal (ip) injection of 500 fil of labeled peptide or FITC solu- 
tions with equivalent fluorescence units. T cells were isolated and 
analyzed by FACS as in ex vivo experiments. 

Cytokine Production by Cultured Spleen Cells — Murine lymphocytes 
were isolated from the spleens of wild type C57BL/6 mice and trans- 
genic C57BL/6 mice that express IkB.DN (inhibitor of NFkB nuclear 
translocation) as previously described (16) and cultured in RPMI 1640 
supplemented with 10% heat-inactivated fetal bovine serum containing 
no detectable LPS (^0.006 ng/ml as determined by the manufacturer, 
Atlanta Biologicals, Norcross, GA), 2 mM L-glutamine, 55 ^lm 2-mercap- 
toethanol, streptomycin (100 /xg/ml), and penicillin (100 units/ml). 
Splenocytes (2 x lOVml) were treated with peptides SN50 and SM at 
10, 20, and 30 m-M for 30 min at 25 "C followed by the addition of 0.5 
ixg/m\ of SEB (Toxin Technology, Sarasota, FL). Splenocytes were then 
distributed in 200-^1 aliquots (6 x lO**^ cells/well) to a 96-well plate and 
cultured for 24 h at 37 •'C in 5% CO^. Plates were spun at 800 X ^ for 2 
min. The supernatant was removed and frozen at -80 °C for later 
assay. 

Animal Treatment Protocols— Wild type r:57BL/6 and BALB/c mice 
were purchased from the Jackson Laboratory (Bar Harbor, ME). All 
mice were female (8-12 weeks old) with an average weight of 20 grams. 
Wild type BALB/c mice were injected ip with 5 Mg of SEB (25 fig/ml; 
Sigma) and 20 mg of D-galactos amine (D-Gal) (100 mg/ml; Sigma), both 
in pyrogen-free saline. SEB contained less than 1 endotoxin unit of 
LPS/mg of SEB as determined by the Limulus chromogenic assay 
(Associates of Cape Cod, Falmouth, MA). Peptides cSN50 (0.7 mg) and 
SM (0.7 mg) or 5% dimethyl sulfoxide in sterile H2O as diluent were 
injected in 200 /il volumes ip into mice before (30 min) and after (30, 90, 
150, 210 min, and 6 and 12 h) SEB and D-Gal challenge. In some 
experiments, cSN50 peptide and diluent were injected only after the 
SEB and D-Gal challenge, with the first ip injection of cSN50 peptide 30 
min after SEB and D-gal followed by 5 ip injections at 90, 150, 210 min, 
and 6 and 12 h. 

Transgenic C57BL/6 mice expressing IkB.DN in the T cell lineage 
were engineered and bred as previously described (29). Wild type and 
transgenic C57BL/6 mice were injected ip with 150 ^g of SEB (0.75 
mg/ml; Toxin Technology) and 20 mg of D-Gal. Highly purified SEB 
contained less than 1 endotoxin unit of LPS/mg of SEB after its addi- 
tional purification, by the manufacturer. Animals were observed at 
hourly intervals for signs of toxic shock (piloerection, ataxia, and the 
lack of reaction to cage motion). Inactive animals were euthanized. 
Surviving animals were euthanized at 72 h, except for three survivors 
that were observed for 10 days before euthanasia. Animal handling and 
experimental procedures were performed in accordance with the Amer- 
ican Association of Accreditation of Laboratory Animal Care guidelines 
and approved by the Institutional Animal Care and Use Committee. 

Cytokine Assays of Blood and Cultured Cell Supernatants — Blood 
samples (40 /xl) taken from the saphenous vein were collected in hepa- 
rinized tubes before (30 min) and after SEB challenge at intervals 
shown in Figs. 2-4. Plasma levels of IL-6 were measured by enzyme- 
linked immunosorbent assay (R&D Systems, Minneapolis, MN) accord- 
ing to the manufacturer's instructions. The levels of TNF-a and IFN-7 
in plasma and cultured cell supernatant were measured by a cytometric 
bead array (CBA) (BD PharMingen) according to the manufacturer's 
instructions. Briefly, beads coated with capture antibodies specific for 
IL-2, -4, and -5, IFN-y, and TNF-a proteins were utilized. Cytokine 
capture beads were mixed with the phycoerythrin- conjugated detection 
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Fig. 1. Delivery of cell-perm eant peptide Inhibitor of nuclear import to primary T cells ex vivo and suppression of inflammatory 
cytokine production by cell-permeant peptide inhibitor of nuclear import or by transgene inhibitor of NFicB nuclear translocation. 

T cells from the spleens of C57BL/6 mice were incubated at 25 "C for 30 min with 5 yM FITC-SN50 peptide (A), 5 fiM FITC-SM peptide (B), or 5 
fiM fluorescein-5-inaleimide-N50c peptide (C) without proteinase K treatment (black) or subsequently treated with 5 ^ig/m\ proteinase K for 10 min 
at 37 *C (green). Alternatively, fiuorescein-labeled peptides were pretreated with 5 ^g/ml proteinase K for 10 min at 37 "C before incubation with 
cells at 25 "C for 30 min (pink). Control cells not exposed to any peptide or incubated with unconjugated FITC showed levels of fluorescence similar 
to cells incubated with fluorescein -labeled peptides pretreated with proteinase K (data not shown). D, spleen cells from wild type C57BL/6 mice 
were treated with diluent (culture medium, open bars) or SN50 peptide (30 fiM, solid bars) or SM peptide (30 ;iM, gray bars) for 30 min and then 
exposed to SEB. E, spleen cells from wild type C57BL/6 mice (open bars) or from transgenic C57BL/6 mice bearing T cell-specific IkB.DN inhibitor 
of nuclear translocation of NFkB (solid bars) exposed to SEB. Cytokines were measured in culture supematants 24 h following stimulation with 
0.5 ^g/m\ SEB. Error biirs indicate the ± S.E. from three-five independent experiments. Student's i test was used to determine p values. 



antibodies and then incubated with recombinant standards or test 
samples to sandwich complexes (30). Following the acquisition of flow 
cytometric data, FACScalibur results were organized in graphical and 
tabular format using CBA analysis software. 

Histology Analyses — Tissue samples (liver, spleen, kidney, lung, and 
heart) were collected from mice showing typical signs of toxicity shortly 
before death or in surviving mice that were euthanized after 72 h or 10 
days of observation. Formalin-fixed, paraffin-embedded sections were 
stained with hematoxylin and eosin. Apoptosis among liver cells was 
evaluated by histology and by TUNEL (TdT-dependent dUTP-biotin 
nick end labeling) assay using the Apop Tag reagent (Chemicon) 
according to the manufacturer's instructions. 

Statistical Analysis — All in vivo experimental data were expressed 
as mean ± S.E. A two-way repeated measure analysis of variance and 
a log rank test were used to determine the significance of the difference 
in cytokine production and survival, respectively. Student's t test was 
used to determine the significance of the difference in cytokine produc- 
tion in cultured splenocytes. 

RESULTS 

Intracellular Delivery of Nuclear Import Inhibitors to T 
Cells — Two cell-permeant peptides, SN50 and SM, were stud- 
ied for their ability to enter primary T cells ex vivo and in vivo. 
The cell-permeant SN50 peptide ferries NLS as its cargo, 
whereas the cargo of the SM peptide was a mutated version of 
the same NLS (Table I). The NLS in the SN50 peptide is known 
to interact with the nuclear import adaptor protein Rchl/im- 
poftin o/karyopherin a 2 (26). Conversely, the mutated se- 
quence in the SM peptide is inactive in terms of inhibition of 
SRTFs nuclear import and served as a control. A third peptide, 
called N50c, is a truncated form of SN50 that lacks the MTM 
and was used as a plasma membrane translocation-negative 
control (Table I) (26). 

The SN50, SM, and N50c peptides, labeled with fluorescein, 



were added to ex vivo cultured murine spleen-derived prim^^ 
T cells. Although the SN50 and SM peptides were detectedlin 
primary T cells, the N50c peptide lacking a membrane- tr^s- 
locating motif was not, thus indicating the MTM dependence^pf 
ex vivo delivery of NL.S peptide cargo to these cells (Fig. 1, A-^). 
To verify further the intracellular delivery of cell-permeant 
SN50 and SM peptides, we employed a protease-accessibility 
test that is based on the incubation of T cells with cell-per- 
meant peptides, before and after treatment with a broad-range 
protease (proteinase K), followed by FAGS. Treatment of fluo- 
rescein-conjugated peptides with proteinase K prior to their 
addition to T cells, degraded all peptides tested and prevented 
SN50 and SM delivery into T cells as compared with proteinase 
K-untreated peptides and cells (Fig. 1, A and B), On the other 
hand, treatment with protease following 30 min of incubation 
of T cells with FITC-labeled peptides did not ablate T cell- 
associated fluorescence. The observed reduction in T cell-asso- 
ciated fluorescence, as compared with the protease-untreated 
cells, was due to proteol3rtic removal of an extracellular pool of 
fluorescein-labeled peptides absorbed on the surface of T cells. 
Thus, the protease-accessibility test indicates that both cell- 
permeant peptides were similarly delivered to T cells, the prin- 
cipal targets of SEB (27, 28). 

Nuclear Import Inhibitors Suppress Inflammatory Cytokine 
Gene Expression in Cultured Primary T Cells — To validate the 
T cell delivery of cell-perrneant peptides by demonstrating their 
intracellular function, we evaluated the ability of SN50 and SM 
peptides to interfere with SEB -induced production of inflam- 
matory cytokines in ex vivo cultured splenocytes. For these 
studies, splenocytes were isolated from wild type C57BL/6 mice 
and then treated with an SN50 or SM peptide prior to exposure 
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Fig. 2. /n uiuo delivery of cell-permeant peptide inhibitor of nuclear import to T cells, suppression of SEB-induced systemic 
inflammatory c3^okine production, and prevention of death. T cells were isolated from blood (A) and spleen (B) following ip injection of 
fluorescein-labeled SN50, SM, and N50c peptides or unconjugated FITC separately into BALB/c mice. After 30 min, T cells in blood and spleen were 
isolated and analyzed using FAGS. Each panel is representative of three independent experiments. The tracings represent unconjugated FITC 
(gray solid), N50c {yellowX SN50 (brown), and SM (red). Wild type BALB/c mice were treated with cSN50 peptide (0.7 mg) or SM peptide (0.7 mg) 
or diluent in seven ip injections before and after ip administration of SEB (5 ^ig; Sigma) with D-galactos amine (20 mg; Sigma). Blood plasma levels 
of c3rtokines TNFa (C), IFN7 (Z», and IL-6 (E) were measured in control (squares), cSN50 peptide- (triangles), and SM peptide-treated animals 
(circles). Error bars in panels C~E indicate the ± S.E. of the mean value in 10 mice that are represented by each data point. F, survival of BALB/c 
mice treated with diluent (squares), cSN50 peptide (triangles), and SM peptide (circles) in seven ip injections, p values shown represent the 
significance of the difference between the SM peptide and the cSN50 peptide-treated groups. 



to the T cell agonist SEB. The SN50 peptide at a concentration 
of 30 ^LM significantly inhibited the expression of inflammatory 
cytokines TNFa (p <0.02), IFN7 (p <0.05), and IL-2 (p <0.05) 
in SEB-stimulated splenocytes derived from wild type animals 
(Fig. ID). For SN50, the effective concentration leading to 50% 
inhibition (EC50) of cj^okine production was 20 ± 4 /xM (not 
shown).' In contrast, cytokine expression was unaffected follow- 
ing treatment with the SM peptide (30 fxu) containing the 



MTM fused to a mutated version of the NLS (26) (Fig. ID). 
Thus, SN50 interferes significantly ex vivo in primary cells 
with SEB-induced inflammatory cytokine production by block- 
ading the Rchl-dependent mechanism responsible for the nu- 
clear import of NFkB and other SRTFs. 

This SN50 peptide-directed ex vivo inhibition of inflamma- 
tory cytokine production was compared with the effect of the 
transgene that encodes an inhibitor of NFkB nuclear translo- 
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Fig. 3. Suppression of SEB-induced inflammatory cytokine production and prevention of death by a nuclear import inhibitor 
given after the SEB challenge. Wild type BALB/c mice were treated with cSNSO peptide (0.7 mg) or diluent in six ip injections after ip 
administration of SEB (5 fig; Sigma) with D-Gal (20 mg, Sigma). Blood plasma levels of cytokines TNFa (A), IFN-y (B), and IL-6 (C) were measured 
in control (squares) and cSN50 peptide-treated animals (triangles). Error bars A-C indicate the ± S.E. of the mean value in five mice that are 
represented by each data point. D, survival of BALB/c mice treated with diluent (squares) and cSNSO peptide (triangles), p values shown represent 
the significance of the difference between the diluent and cSNSO peptide-treated groups. 



cation in T cells (29). IkB.DN is a truncated form of the cyto- 
plasmic protein IkEm with an NHg-terminal deletion that pre- 
vents its phosphorylation and degradation, thereby retaining 
NFkB in the cytoplasm of stimulated T cells. Splenocytes de- 
rived from transgenic C57BL/6 mice expressing the inhibitor 
IkB.DN produced significantly lower levels of inflammatory 
cytokines TNF-a [p <0.02). lF^-y(p <0.05), and IL-2 (p <0.02) 
in response to SEB as compared with splenocytes from wild 
type C57BL/6 mice (Fig. IE). These results indicate that SN50 
peptide produces a similar suppression of inflammatory cyto- 
kine expression as transgene-directed inhibition of NFkB nu- 
clear translocation in SEB-stimulated T cells. , 
In Vivo Suppression of Inflammatory Cytokine ProducUonby- 
Nuclear Import Inhibitor — {^q:'tT£^ ifilvivp. targeting of T cells* 
by a peptide inhibitor of nuclear import, fluorescein-labeled 
peptides SN50, SM, and N50c were injected intraperitoneally;^ 
into separate groups of BALB/c micel^Txells were isolated from 
the blood and the spleen 30 min iafter injection. T cells from^, 
mice injected with SN50 and SM stained positive for the pres- 
ence of fluorescein-labeled peptides as compared with controls' 
(Fig. 2, A and E). ln contrast, injection with fluorescein-labeled ;^ 
N50c, which lacks an MTM, failed to produce any gain in; 
fluorescence as compared vnth controls. -The control mice re- 
ceived phosphate -buffered saline (not shown) or unconjugated 
FITC. These results estabUsh the MTM dependence of a rapid 
in vivo delivery of nuclear import inhibitory peptides to T cells. 



We next explored the in vivo toxicity of SEB. Although mice 
display heightened resistance to SEB toxicity as compared with 
humans (31), BALB/c mice expressing both I-A and I-E major 
histocompatibility complex class II isot3rpes of the haplo- 
type are 50 times more susceptible to SEB than the C57BL/6 
strain (32). To sensitize BALB/c mice to the deleterious effects 
of SEB-induced cytokines such as TNFa, we used D-Gal. In this 
murine model, simultaneous administration of SEB and D-Gal 
via an ip route evokes acute liver injury followed by rapid death 
(17-19). Importantly, animals deficient for TNFa and IFNy 
receptors are refractory to the lethal effects of SEB and D-Gal, 
a finding that further validates the physiologic relevance of this 
particular animal model (17—19). A related experimental model 
of SEB-induced toxicity employs LPS in lieu of D-Gal with a 
similar pattern of systemic inflammatory cytokine response 
(33, 34). 

Injection of SEB and D-Gal into BALB/c mice caused a rapid 
rise in plasma TNFa levels that peaked at 90 min (Fig. 2C), 
followed by a more progressive increase in IFNy and IL-6 (Fig. 
2, D and E). In contrast, injection of D-Gal alone was without 
effect, thus confirming the SEB-dependent nature of this in- 
flammatory cjiiokine response (data not shown). Administra- 
tion of cSN50 (the cyclized form of SN50), before and after SEB 
exposure, suppressed the induction of inflammatory cytokines 
(Fig. 2, C-E). Plasma levels of inflammatory cytokines signifi- 
cantly differed for TNFa (p <0.0001), IFNy (p <0.0001), and 
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Fig. 4. Suppression of SEB-induced inflammatory cjrtokine production and prevention of death in mice expressing transgenic 
inhibitor (IkB.DN) of NFkB nuclear translocation. Wild type and IkB.DN transgenic C57BL/6 mice were challenged with SEB (150 ^ig; Toxin 
Technology) plus D-Gal (20 mg; Sigma). Blood plasma levels of TNFa (A), IFN7 (B), and IL-6 (C) were measured in wild type {squares) and 
transgenic (triangles) mice. Error bars A-C indicate the ± S.E. of the mean value in five mice that are represented by each data point. D, survival 
of wild type (squares) and IkB.DN transgenic (triangles) mice, p values shown represent the significance of the difference between transgenic and 
wdld type mouse groups. 



IL-6 (p <0.0001) using a two-way repeated measure analysis of 
variance. Administration of cell-permeant mutant SM peptide 
did not significantly suppress inflammatory cj^tokine produc- 
tion in vivo, consistent with its lack of an inhibitory effect in 
cultured spleen cells (Fig. ID). 

Protection from SEB-induced Tissue Injury and Death by 
Nuclear Import Inhibitor — We also explored the effects of 
cSN50 on survival and tissue injury in mice treated wdth SEB 
and D-Gal. In control BALB/c mice that received ip injections of 
diluent before and after SEB and D-Gal, we observed a charac- 
teristic progression of morbid signs resulting in the death of 14 
of 15 mice v^dthin 40 h (Fig. 2F). No systemic toxicity was 
detected upon the administration of SEB or D-Gal alone (data 
not shown). At death, all mice exhibited severe liver injury 
characterized by extensive apoptosis and hemorrhagic necrosis 
(Fig, 5, A and B). In contrast, the administration of cSN50 
before exposure to SEB, and thereafter in six doses over 12 h, 
produced a pronounced protective effect. Fourteen of 15 mice 
recovered fully from SEB challenge and survived at least 72 h. 
Thus, the cell-permeant cSN50 peptide reduced SEB-induced 
lethality by 87%. Based on the log rank test, the difference in 
the survival rate between cSN50 peptide-treated and control 
mice was statistically significant (p <0.6001), whereas the SM 
peptide, containing a mutated p50 NLS, had no in vivo protect- 
ing activity (p >0.2) (Fig. 2F). Histologic examination of cSN50- 
treated mice surviving 72 h showed normal tissue architecture 



with no apoptotic and/or hemorrhagic liver injury in contrast to 
untreated controls (Fig. 5, C and D). Thus, the cytoprotective 
effect of the cSN50 peptide correlated with the survival of mice 
challenged with SEB and D-Gal. 

Delayed Treatment with a Nuclear Import Inhibitor Is Effec- 
tive in Suppressing Inflammatory Cytokine Production and 
Preventing Death — The protective effect was maintained when 
treatment with the cSN50 peptide was delayed for 1 h as 
compared with the protocol employed above. The mice received 
the first dose of cSNSO 30 min after SEB and D-Gal. Despite 
omitting the first dose of cSN50, given previously 30 min before 
SEB and D-gal challenge, we observed, significant suppression 
of inflammatory cytokines TNF-a (p <0.0001), IFN-y (p 
<0,0001), and IL-6 (p < 0.001) using a two-way repeated meas- 
ure analysis of variance concomitant with 60% survival (p 
<0.02) (Fig. 3, A-Z>). These findings indicate that time-delayed 
and dose-reduced administration of the cSN50 peptide during 
the early rise in TNFa production still attenuates SEB-induced 
lethal shock. Because of the fulminant nature of tissue injury 
in this experimental model (50% of the untreated animals died 
within 10 h), further delay in treatment resiilts in less protec- 
tion from death (not shown). 

Transgenic Inhibitor of NFkB Nuclear Import in T Cells 
Recapitulates the Cell-permeant Effects of Peptides — To explore 
the relative contribution of NFkB to the set of SRTFs targeted 
by a cell-permeant peptide inhibitor of nuclear import, we next 
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Fig. 5. Cytoprotective effect of cell -perm eant peptide inhibi- 
tor of nuclear import and of transgenic inhibitor of NFkB nu- 
clear trans'Iocation. Liver sections were stained with hematoxylin 
and eosin (A, C, E, G) or with Apop Tag (B, D, F, H). Control BALB/c 
mice challenged with SEB and D-Gal received 5% dimethyl sulfoxide in 
H2O as a diluent (A, B); treated mice received the cSN50 peptide (C, D). 
Wild type C57BL/6 (E, F) and IkB.DN transgenic mice (G, H) were 
challenged with SEB and D-Gal. Note the hallmarks of acute liver 
injury (apoptosis, hepatocyte necrosis, and erythrocyte extravasation) 
in control BALB/c and C57BL/6 wild type mice (A,B,E,F) and pre- 
served liver architecture without apoptosis in cSN50 peptide- treated 
BALB/c mice (C, D) and iKB.DN-transgenic C57BL/6 mice (G, H), His- 
tologic examination of survivors observed for 10 d showed no lesions 
(not shown). Mice receiving either D-Gal alone (n = 5) or SEB alone (n = 
5) survived and after 10 days of observation showed no evidence of 
tissue injury (not shown). 



introduced SEB and D-Gal into C57BL/6 mice expressing an 
IkB.DN transgene under the control of a T-cell-specific promoter 
(29). Inflammatory cyiokine responses were significantly atten- 
uated in transgenic mice as compared vdth v^ild type controls 
(Fig. 4, A-C). Moreover, suppression of the key inflammatory 
cjrtokines (TNFa, IFN7, and IL-6) in IkB.DN transgenic mice 
correlated with reduced lethality among SEB-challenged ani- 
mals. Eight of 12 transgenic mice (67%) s\irvived at least 72 h as 
compared with 2 of 12 (17%) wild type mice (p <0.02) (Fig. 4D), 
Thus the transgene-encoded suppressor of NFkB nuclear 
translocation reduced SEB-induced lethality by 50%. 

Histologic analysis of the liver sections obtained from non- 
surviving wild type C57BL/6 animals challenged with SEB 
showed diffuse hepatocellular injury marked by extensive apo- 
ptosis, hemorrhage, and necrosis (Fig. 5, E and F). In contrast, 
none of the surviving transgenic mice displayed signs of hepa- 
tocellular liver injury at 72 h (Fig. 5, G and H) or during 
extended observation up to 10 days (not shown). Thus, the 
protective effect of the T cell-expressed IkB.DN transgene re- 
capitulated, albeit less effectively, the results obtained with the 
cSN50 peptide (Fig. 2F). 



DISCUSSION 

Three .separate lines of evidence establish that nuclear im- 
port inhibitors SN50 and cSNSO were delivered to T cells ex 
vivo and in vivo where they substantially inhibited SEB-in- 
duced toxicity: (i) SN50 and cSNSO significantly reduced ex vivo 
production of inflammatory cytokines in cultured primary 
splenocytes and in vivo in blood, (ii) apoptotic and hemorrhagic 
injury in mouse liver was suppressed in vivo by cSN50, and (iii) 
the number of mice dying after SEB challenge was significantly 
reduced. The strikingly cytoprotective effect of the cSN50 pep- 
tide in the mouse liver indicates its capacity to counteract the 
expression and florid action of two inflammatory cytokines, 
TNFa and IFNy, that are essential for SEB-induced hepatotox- 
icity in this experimental model (18, 19). Other organs with 
evidence of apoptosis (33, 34) are likely to be protected because 
cSN50 delivered intraperitoneally is able to reach T lympho- 
cytes in the blood and the spleen v^dthin 30 min (Fig. 2). The 
protective in vivo effect of cSN50, administered during the first 
12 h of SEB-induced systemic inflammation, lasts at least 72 h 
and does not seem to cause undesirable side effects. Further 
studies will be required to determine the pharmacokinetics, 
long-term toxicity, and therapeutic efficacy of this new class of 
peptide inhibitors. 

Our comparative analysis of cell-permeant peptides versus a 
T cell-specific transgene that inhibits NFkB indicates a key role 
for this inducible transcription factor in the progression of 
SEB-induced disease (27, 28). The role of other SRTFs (activa- 
tor protein 1, nuclear factor of activated T cells, and signal 
transducer and activator of transcription 1), whose nuclear 
translocation is blocked by the SN50 peptide, should be taken 
into account as well (26). Given their coordinated involvement 
in regulation of genes encoding the key inflammatory media- 
tors of systemic inflammation, broad inhibition of SRTFs nu- 
clear import becomes preferable as a treatment strategy over 
ablation of a single SRTF signaHng pathway to the nucleus. 

Taken together, our experiments highlight the in vivo effi- 
cacy of cell-permeant peptides as nuclear import inhibitors of 
SRTFs involved in SEB-induced and T cell-mediated toxicosis. 
Given their rapid but transient inhibitory activity (16, 20, 21), 
cell-permeant nuclear import inhibitors may provide a better 
therapeutic platform than previously reported gene transfer 
approaches (35). Nuclear import inhibitors may also have the 
capacity to suppress other inflammation-based systemic dis- 
eases induced by a much wider spectrum of potential biological 
warfare agents (www.niaid.nih.gov/dmid/biodefense/bankpri- 
ority.htm), including tularemia, smallpox, and Ebola virus 
(36-38). 
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Targeting of peptides, proteins, and other functional 
cargo into living cells is contingent upon efficient trans- 
port across the plasma membrane barrier. We have har- 
nessed the signal sequence hydrophobic region (SSHR) 
to deliver functional cargoes to cultured cells and to 
experimental animals. We now report evidence that two^^ 
chiraliy distinct forms of SSHR composed of all l or all D . 
amino acids showed similar membrane- translocating ~ 
activity as assessed hy confocal microscopy, flow cytom- 
etry, and direct fluorescence measiu-ement. An attached 
nuclear localization sequence ferried by the SSHR en- 
antiomers displayed similar intracellular function by 
inhibiting inducible nuclear import of transcription fac- 
tor nuclear factor k B and suppressing nuclear factor h 
B-dependent gene expression of cytokines. A nuclear 
localization sequence comprised of a positively charged 
cluster of amino acids was rapidly translocated hy SSHR 
enantiomers to the interior of unilamellar phospholipid 
vesicles. These findings indicate that the SSHR translo- 
cates functional peptides directly through the plasma, 
membrane phospholipid bilayer without involving; 
chiraliy specific receptor/transporter mechanisms. This 
mechanism of SSHR translocation is suitable for facile 
delivery of biologically active peptides for cell-based 
and animal-based functional proteomic studies. 



The plasma membrane imposes tight control on the access of 
extracellular peptides and proteins to the cell interior. Through 
its mosaic structure of proteins and glycolipids embedded into 
the phospholipid bilayer, the plasma membrane provides a 
boundary for the 10,000-15,000 proteins expressed in a typical 
mammalian cell (1, 2). Despite this barrier, transfer of infor- 
mation across the membrane is essential for cell development, 
function, and survival. Membrane receptors and transporters 
sense the extracellular environment of grovvrth-promoting or 
-inhibiting ligands, short peptides, ions, and nutrients. This 
recognition allows their cellular uptake through specific recep- 
tor-mediated endoc3^osis or transporter-based translocation. 
To b3T3ass these inherent mainstays of the plasma membrane 
functional integrity, w^e harnessed a signal sequence-derived 
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hydrophobic region to deliver functional cargoes composed of 
peptides and proteins to probe and modulate intracellular sig- 
naling (3, 4). However, the mechanism of SSHR^-directed 
translocation of functional cargo across the plasma membrane 
remains unexplained. 

The overall structure of signal peptides is conserved in evo- 
lution between prokaryotes and eukaryotes, although the se- 
quences of signal peptides are highly diverse (5). Their tripar- 
tite structure comprises an NHg-terminal region (n region), and 
a hydrophobic h region of variable length; this is followed by a 
cleavage site (c region) for signal peptidase. The hydrophobic 
region, which usually forms a helix, is endowed v^ith a mem- 
brane-translocating activity (6), Its primary function is to guide 
a nascent polypeptide chain from the ribosomal tunnel through 
a translocon pore that is open laterally toward the phospholipid 
bilayer and to the lumen of endoplasmic reticulum (7,8). More- 
over, the hydrophobicity of a signal sequence attached to the 
nascent protein specifies its co-translational or post-transla- 
tional pathway of transport (8, 9). 

Previously we reported that two SSHRs derived from human 
fibroblast growth factor 4 (Kaposi fibroblast growth factor) and 
human integrin provided for the efficient outside-in trans- 
location of attached cargo across the plasma membrane of 
human and murine cell lines (10, 11). Remarkably, primary 
cells studied ex vivo provide additional examples of the versa- 
tile use of the SSHR-based membrane-translocating motif 
(MTM) to ferry novel inhibitors for studying the function of 
calpain in human blood platelets (12) and for the functional 
ablation of tumor necrosis factor receptor-associated factor 6 in 
osteoclasts (13). Recently we imexpectedly found that a cell- 
permeant peptide inhibitor of nuclear import of proinflamma- 
tory transcription factors was rapidly (-^20 min) delivered to 
mouse blood cells and organs following intraperitoneal injec- 
tion (14). As a consequence of intracellular inhibition of signal- 
ing to the nucleus, expression of inflammatory cytokines was 
suppressed and animals were protected from death (14). These 
in vivo data imply that the SSHR-based peptide ferrying inhib- 
itor of nuclear import has consecutively crossed into and out of 
plasma membranes from at least three cell types: mesothelial 
cells hning the peritoneum, endothelial cells lining blood ves- 
sels, and hemopoietic cells that circulate in blood and form 
organs such as spleens. Similarly, in vivo delivery of function- 
ally active Cre recombinase using SSHR-based MTM led to its 



^ The abbreviations used are: SSHR, signal sequence hydrophobic 
region; NFkB, nuclear factor k B; FITC, fluorescein isothiocyanate; 
MTM, membrane-translocating motif; RAW, murine macrophage cell 
line RAW 264.7; DMEM, Dulbecco's modified Eagle's medium; LPS, 
lipopolysaccharide; RT, room temperature; FACS, fluorescence-acti- 
vated cell sorter; ELUV, extruded large unilamellar vesicle(s); IL, in- 
terleukin; HIV, human immunodeficiency virus; TAT, trans activator of 
transcription. 
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distribution in multiple organs in mice, including the brain, 
which requires crossing the blood-brain barrier (15). 

Despite this striking capacity for intercellular transfer, the 
mechanism of SSHR translocation through the plasma mem- 
brane remains unknown. To study this mechanism, we em- 
ployed a number of approaches using chirally distinct forms of 
SSHR. They were analyzed by confocal laser scanning micros- 
copy and flow cytometry of macrophages treated with SSHR- 
containing peptides, and direct fluorescence monitoring of 
SSHR-based translocation of the nuclear localization sequence 
with its positively charged cluster of amino acids across unila- 
mellar phospholipid vesicles. These approaches were coupled 
with the ultimate test of translocating efficiency: functional 
measurements of the intracellular effect of the cargo on nuclear 
import of proinflammatory transcription factor NFkB and on 
expression of cytokine genes regulated by this transactivator in 
macrophages. Using these approaches, we show that translo- 
cation of SSHR-Unked cargo across the plasma membrane is 
based on temperature-sensitive diffusion through the phospho- 
lipid bilayer. These mechanistic findings will facilitate the ra- 
tional design of a new generation of cell-permeant peptides for 
proteomic and drug delivery studies. 

EXPERIMENTAL PROCEDURES 

Cell Culture — Murine macrophage RAW 264.7 (RAW) cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% heat-inactivated fetal bovine serum containing no detectable 
lipopolysaccharide (LPS, < 0.006 ng/ml as determined by the manufac- 
ture!, Atlanta Biological s, Norcross, GA), 2 mM L-glutamine, 100 
imits/ml penicillin, and 100 ^g/ml streptomycin. 

Cytotoxicity Assay — A fi^eshly prepared solution of 10 fJLg/m\ fluores- 
cein diacetate and 100 /xg/ml ethidium bromide in DMEM was added to 
an equal volume of pep tide-treated or untreated cells and incubated at 
37 "C for 30 min. Cells were observed by fluorescent microscopy, and 
orange -stained cells were counted as not viable. 

Peptide Synthesis and Labeling — The L-SN50 and D-SN50 peptides 
were sjmthesized, purified, filter-sterilized, and analyzed as described 
previously (14, 16) using l or D amino acids as indicated (see Fig. lA). 
Peptides were labeled with fluorescein isothiocyanate (FITC, Pierce) 
according to the manufacturer's instructions. After extensive dialysis 
against water to remove fi^ee FITC, labeled peptides were lyophilized 
and stored at -20 ''C. Before use the peptides were reconstituted in 
dimethyl sulfoxide (MejSO) at 3.3 mM and then diluted to a 1 mM 
working stock solution with phosphate-buffered saline, pH 7.4. Relative 
fluorescence of 50 nM peptide solutions in HEPES-KCl (10 mM HEPES- 
KOH, pH 7.2, and 100 mw KCl) was measured in a Fusion Universal 
Microplate Analyzer (PerkinElmer Life Sciences) at 485 nm excitation, 
535 nm emission, and 20 nm band pass. 

Intracellular Detection of Peptides — The intracellular presence of 
peptides in RAW cells was demonstrated by confocal laser scanning 
microscopy using direct fluorescence. RAW cells in DMEM with heat- 
inactivated fetal bovine serum were transferred to 2-ml glass bottom 
microwell dishes (Mattek Corp.) at a concentration of 2 X 10^ cells/ml 
and incubated at 37 °C in 5% COg for 20 h. The next day the medium 
was replaced with 0.5 ml of DMEM without serum. FM5-95, a fluores- 
cent membrane dye (Molecular Probes, Eugene, OR), was added to cells 
at 5 fiM for 5 min before the addition of 5 m-M FITC-labeled L-SN50 or 
D-SN50 peptide or unconjugated FITC at room temperature for 10 min. 
Cells were then washed two times with ice cold DMEM followed by a 
final addition of 0.2 ml of ice-cold phosphate-buffered saline, pH 7.4. 
They were immediately observed without fixation using a fluorescence 
confocal laser scanning microscope (Zeiss LSM510). 

Flow Cytometry- based Protease Accessibility Assay — This assay 
was performed to assure that cell-associated fluorescence was due to 
the pool of FITC-labeled peptide that was translocated across the 
plasma membrane to reach the cytoplasm. RAW cells in DMEM 
without serum (200 /xl at 2 X 10^/ml) were incubated with 5 p.M 
FITC-labeled L-SN50 or D-SN50 peptide or unconjugated FITC at RT 
for 30 min in duplicate. One of each was then treated with proteinase 
K (5 ^xg/m\) for 10 min at 37 "C. As a control, peptides were incubated 
with proteinase K (5 ^Lg/fjil) for 10 min at 37 "C before adding to cells. 
After all incubations, cells were washed in phosphate -buffered saline, 
pH 7.4, two times and fixed with 1% paraformaldehyde. Cell fluores- 
cence was measured in FACScalibur (BD Biosciences) using forward 



versus side light scatter, and green fluorescence was collected with a 
530 t: 30-nm band pass filter. 

Temperature Sensitivity Assay — RAW cells were incubated with 5 pM 
FITC-labeled peptides at 4 °C or RT for 30 min and then analyzed for 
cell fluorescence by FACS as above. 

Cellular ATP Depletion — RAW cells were treated with antimycin A 
and 2-deoxyglucose or medium for 2 h as described previously (17), then 
incubated with 5 FITC-labeled peptides at RT for 30 min and 
analyzed for cell fluorescence by FACS as above. 

Electrophoretic Mobility Shift Assay — 80-90% confluent monolayers 
of RAW cells (60-mm plates with 3 ml of medium split 1:2 1 day before 
treatment) were treated with or without peptides at the indicated 
concentrations for 20 min at 37 "C. Cells were then further incubated 
with 2 ng/ml LPS from Escherichia coli 0127;B8 (Sigma) or diluent for 
30 min. Nuclear extracts were prepared and nuclear import of NFkB or 
the constitutively expressed nuclear factor Y was measured with radio- 
labeled probes as previously described (16). 

Assay for Cytokine -Expression— RAW cells in 96-well plates (200 
pVweW at 2 X 10^/ml) were incubated with the indicated concentrations 
of peptides or diluent at RT for 30 min. Then 2 ng/ml LPS was added, 
and cells were incubated at 37 *'C for 6 h. Plates were spxm at 800 X g 
for 2 min, and the supernatant was removed and frozen at -80 "C for 
later assay. Enzyme-linked immunosorbent assays for tumor necrosis 
factor a, IL-1)3, and IL-6 were performed on dilutions of supernatant 
according to the manufacturer's instructions (R&D Systems, Minneap- 
olis, MN). 

Preparation of Extruded Large Unilamellar Vesicles (ELUV) — 50 
mg/ml stocks of l-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol and 
l-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and a 100 mg/ml 
stock of cholesterol (Avanti Polar Lipids, Birmingham, AL) were pre- 
pared in chloroform. Volumes of 100 /il of l-palmitoyl-2-oleoyl-sn-glyc- 
ero-3-phosphoglycerol, 400 /il of l-palmitoyl-2-oleoyl-Srt-glycero-3-phos- 
phocholine, and 64 ^1 of cholesterol were mixed together and the 
chloroform removed by rotary evaporation. The residue was hydra ted in 
250 pi of HEPES-KCl and then fi^ozen in a dry ice/ethanol bath and 
thawed at 30 °C five times. This mixture was then passed 10 times 
through a 100-nm polycarbonate filter in a liposome extruder according 
to the manufacturer's instructions (Avanti Polar Lipids) and used im- 
mediately or stored at 4 "C for a maximum of 3 days (18), 

ELUV Uptake of FITC-labeled Peptides--! mM stocks of FITC-la- 
beled peptides were diluted to 5 with 50% ethanol in HEPES-KCL A 
proteinase K stock (BD Biosciences Clontech) of 20 mg/ml was prepared 
in analytical grade water. 1 ^aI of 5 ^ FITC-L-SN50 or FITC-D-SN50 
was mixed vrith 3 pX of ELUV in a final volume of 100 p\ of HEPES-KCl 
in duplicate, vortexed for 1-2 s, and then incubated at RT for the times 
indicated. One sample of each time point was then incubated at 37 "C 
for 12 min with 200 fig/ml (1 p\ of 20 mg/ml in 100 yX) proteinase K. As 
a control, the same mixtures were prepared without ELUV and incu- 
bated at 37 "C for 12 min, followed by ELUV addition and incubation at 
RT for the times indicated. After incubation, each mixture was passed 
through a 1-ml Sephadex G-50 (fine) column prepared in a tuberculin 
syringe and centrifuged at 100 X ^ for 90 s to remove non-ELUV- 
associated FITC-labeled peptides (19). The relative fluorescence of the 
eluted ELUV was measured in a Fusion Universal Microplate Analyzer 
(PerkinElmer Life Sciences) at 485 nm excitation, 535 nm emission, and 
20 nm band pass. 

RESULTS 

Chirally Distinct SSHRs as Tools to Characterize the Plasma 
Membrane -translocating Mechanism — Receptor-mediated or 
transporter-based cellular uptake of peptides and polypeptides 
is usually dependent on their recognition in a chirally specific 
manner (20). In other words, if the SSHR composed of all 
L-amino acids is recognized by a receptor or transporter, then a 
"mirror image" of the SSHR made of all D-amino acids is not. By 
stud3dng two chirally distinct forms of the same SSHR, we can 
deduce whether its plasma membrane-translocating activity is 
dependent on a chirally specific receptor/transporter. To char- 
acterize the plasma membrane-translocating mechanism of the 
SSHR, we designed two peptides, each with a chirally distinct 
MTM based on SSHR but with an identical functional cargo. 
Fig. LA shows the sequence of the two peptides that contain 
MTM based on an SSHR made of either all l or all d amino 
acids and a cargo that comprises a nuclear localization se- 
quence made of L-amino acids that form a positively charged 
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Fig. 1. The design of peptides with chirally distinct membrane- translocating motif and their detection in mouse macrophage ceU 
line RAW. A, peptide sequences in single letter amino acid (AA) code. Both me mbrane-trans locating motifs have the same sequence but are 
comprised of L or D amino acids, respectively, whereas the functional cargo of the nuclear localization sequence derived from NFkB 1 is comprised 
of L amino acids in both peptides. JB, top shows fluorescence confocal laser scanning microscopy. Bottom shows a Nomarski image of the same cells. 
RAW cells were incubated with 5 FITC-labeled peptides or an equimolar concentration of unconjugated FITC. The 0.6-ftm section midcell 
demonstrates an apparent intracellular location of peptide. C, four images of one cell representing RAW cells preincubated 5 rain with 5 FM5-95 
followed by 10 niin at RT with 5 fiM FITC-L-SN50. Panels show FM5-951abeled cell membrane anci endosomes {red, upper left), FITC-L-SN50 (green, 
upper right), FM5-95 and FITC-L-SN50 images merged {lower left), and a Nomarski image (lower right). The colored panels represent the same 
0.6-^im section midcell showing independent localization of the internalized peptide and plasma membrane/endosome probe. Pictures are 
representative of multiple unfixed cells from three independent experiments. 



cluster. The prototypic peptide is denoted L-SN50. The second 
peptide, containing MTM made of D-amino acids and the same 
cargo, is denoted D-SN50. The MTM in both peptides repre- 
sents SSHR derived from fibroblast growth factor 4. 

Two Chirally Distinct MTMs Translocate Peptide Cargo to 
Mammalian Cells — To ascertain whether L-SN50 and D-SN50 
are equally translocated to mammalian cells, we monitored the 
transport of FITC-labeled peptides into murine macrophage 
RAW cells. Confocal microscopy studies indicated that the L- 
SN50 and D-SN50 peptides were similarly distributed in the 
cytoplasm of RAW cells (Fig. LB). This pattern is consistent 
with the subcellular distribution of a nuclear import adaptor 
protein, importin/karyopherin identified previously as a 
cytoplasmic binder of L-SN50 (16). To establish whether the 
distribution pattern of L-SN50 and D-SN50 is independent of 
the endosomal compartment, RAW cells were treated with a 
fluorescent lipophilic membrane probe FM5-95 known to stain 
the plasma membrane and early endosomes as described by the 
manufacturer (Molecular Probes). Subsequently, cells were 
pulsed with FITC-labeled L-SN50 peptide. The red fluorescent 
signal emitted by the FM5-95 probe was localized independ- 
ently from the green fluorescent signal of L-SN50 (Fig. IC). The 
merged image of both fluorescent reagents showed very little if 
any colocalization in multiple sections of unfixed RAW cells 
analyzed by confocal laser scanning microscopy (Fig, IC). The 
divergence of fluorescent signals indicates an endosome-inde- 
pendent pathway of membrane translocation by the FITC- 
labeled L-SN50 peptide. A similar pattern of distinct fluores- 
cent signals was observed with FITC-D-SN50 (not shown). 



Because of the potential nonspecific binding of peptides to 
the cell surface, confocal microscopy does not provide definitive 
proof for intracellular location of the peptides studied (21). 
Therefore, we analyzed peptide translocation across the 
plasma membrane in RAW cells using flow cytometry coupled 
with a protease accessibility test. As shown in Fig. 2A, the 
broad spectrum protease, proteinase K, was used to distinguish 
between peptides not internahzed and those translocated to the 
interior of the cell. For comparison, the control system con- 
tained peptides incubated with cells without proteinase K 
treatment. This analysis revealed that both peptides are sus- 
ceptible to proteinase K, yet they escape proteolytic attack after 
being translocated to RAW cells where they remain inaccessi- 
ble to proteinase K, The apparent additional gain in fluores- 
cence in control cells that were not treated with proteinase K 
likely reflects a pool of peptides adsorbed on the cell surface 
and accessible to proteinase K. Translocation of both peptides 
across the plasma membrane of RAW cells was temperature- 
dependent, with the process inhibited at 4 °C (Fig. 2B). Con- 
sistent with the results showing peptide translocation inde- 
pendent of the endosomal compartment (Fig. IC), translocation 
did not require ATP. Cells depleted of high energy stores dem- 
onstrated a similar gain in fluorescence because of peptide 
transduction as control cells that maintained a steady ATP 
level (Fig. 2C). These experiments lead us to conclude that both 
L-SN50 and D-SN50 move similarly across plasma membranes, 
bypassing the endosomal compartment to reach their cytoplas- 
mic target. 
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Fig. 2. FACS analysis of RAW cells. 
Cells were treated with the same FITC- 
labeled peptides used in experiments 
shown in Fig. 1. A, a protease accessibility 
assay. RAW cells were incubated at RT 
for 30 min with 5 /iM FITC-labeled pep- 
tides without proteinase K treatment 
(black) or subsequently treated with 5 
^g/ml proteinase K for 10 min at 37 "C 
(green). Alternatively, FITC-labeled pep- 
tides were pretreated with 5 ^g/m] pro- 
teinase K for 10 min at 37 'C before incu- 
bation with cells at RT for 30 min 
(purple). Control cells not exposed to any 
peptide or incubated with unconjugated 
FITC showed levels of fluorescence simi- 
lar to cells incubated with FITC-labeled 
peptides pretreated with proteinase K 
(data not shown). B, translocation of pep- 
tides is temperature-dependent. RAW 
cells were incubated with 5 /iM FITC-la- 
beled peptides for 30 min at RT (black) or 

4 "C (blue). C, translocation of peptides 
does not require ATP. RAW cells were 
depleted of ATP and then incubated with 

5 /iM FITC-labeled peptides at RT for 30 
min (gold). Control cells were not de- 
pleted of ATP before incubation with 
FITC-labeled peptides (black). Each panel 
is representative of three independent 
experiments. 
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Intracellular Function of the Cargo Delivered by Two 
Chirally Distinct MTMs Is Similar — Detection of a protease- 
inaccessible pool of L-SN50 and D-SN50 peptides provides a 
measure of their ability to translocate across the plasma mem- 
brane. However, the ultimate test of translocating efficiency is 
to establish that the cargoes ferried by chirally distinct MTMs 
display similar intracellular activity. Prior results have dem- 
onstrated an inhibitory function of the L-SN50 peptide toward 
nuclear import of NFkB and other proinflammatory transcrip- 
tion factors in T cells (16). Likewise, this peptide inhibited (in 
a concentration-dependent mode) inducible nuclear import of 
NFkB in LPS-stimulated RAW cells, demonstrated by use of 
electrophoretic mobility shift assay using ^^P-labeled probes 
(Fig. 3A). Importantly, the D-SN50 peptide vdth chirally dis- 
tinct MTM displayed a similar inhibitory potency. 

Transcription factor NFkB plays a key role in the regulation 
of genes encoding inflammatory cytokines (22). Consistent with 
inhibition of nuclear import of NFkB, both peptides suppressed 
expression of inflammatory cytokines tumor necrosis factor a, 
IL-ljS, and IL-6 in LPS-stimulated cells (Fig. 3B)- The inhibi- 
tion curves were almost identical for both peptides, suggesting 
that their inhibitory cargo was delivered with a similar effi- 
ciency by chirally distinct MTMs. Both peptides, in concentra- 
tions up to 150 ^lm, were not cytotoxic as determined by stain- 
ing with fluorescein diacetate and ethidium bromide (23). 



Cumulatively, these functional studies of intracellular inhibi- 
tory activity of nuclear locaHzation sequence cargo ferried by 
two chirally distinct MTMs reinforce fluorescence-based assays 
indicating that the mechanism of translocation across the 
plasma membrane of RAW cells is not due to a chirally specific 
receptor or transporter. 

Two Peptides with Chirally Distinct MTMs Are Translocated 
across Phospholipid Bilayer — Model phospholipid membranes 
("liposomes") are impermeable to charged or hydrophilic mole- 
cules (24). To establish whether SSHR-based MTM can ferry its 
positively charged cargo (i.e. nuclear localization sequence) 
through the phosphohpid bilayer, we used ELUV composed of 
phosphatidylglycerol, phosphatidylcholine, and cholesterol 
(18). These uniformly sized liposomes were incubated with 
FITC-labeled L-SN50 and D-SN50. Proteinase K was used to 
destroy the pool of peptide not translocated across the phos- 
pholipid bilayer and thereby not protected from protease ac- 
tion. As shown in Fig. 4, both peptides diffused rapidly with 
similar kinetics of translocation to the protease-inaccessible 
interior of ELUV. Proteinase K-digested peptides did not pro- 
duce any significant gain in fluorescence associated with 
ELUV, thereby attesting to complete digestion of both peptides 
under these experimental conditions. In striking contrast, pro- 
teinase K treatment of ELUV after peptide translocation re- 
vealed a similar gain in fluorescence as compared with control 
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Fig. 3. Functional analysis of L-SN50 and D-SN50 peptides. A, concentration-dependent inhibition of inducible nuclear import of NFkB 
in RAW cells stimulated with LPS. L-SN50 {lanes 3-5) or D-SN50 {.lanes 6-8) peptide was added to cells at concentrations shown 20 min before 
the addition of LPS. Control cells were treated with {lane 2) or without {lane 1) LPS. Nuclear extracts were analyzed by electrophoretic mobility 
shift assay using radiolabeled probes. The inhibitory effect of peptides on nuclear translocation of NFkB is concentration-dependent, whereas 
the constitutively expressed nuclear factor Y is not inhibited and indicates consistent loading of nuclear proteins in all lanes. The bands labeled 
ns represent constitutive nonspecific binding of probe. The gels are representative of three independent experiments. B, concentration-de- 
pendent inhibition of inflammatory cytokine expression in RAW cells stimulated with LPS. L-SN50 (■) or D-SN50 (A) peptide was added to cells 
at concentrations shown 30 min before the addition of LPS. The medium was analyzed by enzyme-linked immunosorbent assays for levels of 
cytokines expressed. The bars represent mean ± S.D. from three independent experiments. 
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Fig. 4. Time-dependent translocation of FITC-labeled L-SN50 and D-SN50 peptides into ELUV. ELUV were incubated vdth 5 ^lm 
FITC-L-SN50 {left panel) or FITC-D-SN50 {right panel) at RT for the times indicated without proteinase K ( ♦ ) or subsequently treated with 200 
^tg/ml proteinase K for 12 min at 37 "C (■). As a control, FITC-labeled peptides were pre-treated with 200 /xg/ml proteinase K for 12 min at 37 "C 
before incubation with ELUV at RT for 30 min (A). All samples were passed through Sephadex G-50 (fine) to remove non-ELUV-associated FITC 
peptides before measuring relative fluorescence. Each panel is representative of three independent experiments. 



without proteinase K treatment. Thus, there is very little re- 
sidual binding of either peptide to the surface of ELUV. Taken 
together, our results strongly suggest that SSHR used as a 
membrane-translocating motif can ferry its positively charged 
cargo through a phosphoHpid bilayer without participation of 
proteinaceous receptors or transporters. 

DISCUSSION 

'•-Here we^provide four separate Jines . of evidence indicating 
that the signal sequence hydrophobic region ferries its func- 
tional, .cargo across the plasma membrane of mammalian cells 
through a mechanism other than a receptor/transporter-medi- 
ateS pathway, (i) Peptides containing SSHR enantiomers of all 
L or an D amino acids gain entry into mammalian cells inde- 
pendently of the endosomal compartment, (ii) Peptides trans- 
located by chirally distinct SSHR exert similar intracellular 
function by inhibiting nuclear import of a proinflammatory 
transcription factor and suppressing inflammatory cytokine 



gene expression, (iii) The SSHR-based translocation mecha- 
nism is operational in ATP-depleted cells, (iv) SSHR, with 
nuclear localization sequence as its positively charged cargo,: 
crosses the phospholipid bilayer of unilamellar liposomal vesi- 
cTes:, The translocation process is also temperature-dependent, 
presumably due to the well known temperature-dependent 
lipid phase transition of the phospholipid bilayer (25). 

Our data indicate that the SSHR-based translocation mecha- 
nism is not dependent on a chirally specific receptor or trans- 
porter and can procieed in ATP-depleted cells. Thus, an endocy- 
tosis-based uptake mechanism seems unlikely. In this regard, 
other groups have employed alternative MTMs derived from the 
fhiit fly Antennapedia transcription factor and human immuno- 
deficiency virus (HIV) transactivator of transcription (TAT) pro- 
tein (26, 27). Although these MTMs are capable of ferrying at- 
tached cargo from the outside to the inside of mammalian cells, 
they enter cells via an endocjrtic pathway (28-31). Moreover, the 
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Fig. 5. Two potential mechanisms for SSHR-based translocation of attached cargo across a phospholipid bilayer. Left, the 
looping-unlooping process involves the insertion of the bent helix into the outer phospholipid layer. The unlooping of the helical "hairpin-like" form 
follows, allowing it to move the attached cargo {orange rectangle) through the inner phospholipid layer to the inside of the cell. Right, the "tilted 
peptide" mechanism involves the insertion of the leading helix into the phospholipid bilayer at a 45° angle. This allows the bent helix to carry its 
attached cargo {orange rectangle) to the interior of the cell (see text for details). 



TAT motif-based constructs are unable to translocate across li- 
posomal phosphoHpid vesicles (32, 33). A temperature-dependent 
endocjidc pathway based on cell membrane hpid rafts and caveo- 
lar endocytosis is proposed for internalization of the TAT motif- 
containing enhanced green fluorescent protein (34). Surprisingly, 
a similar TAT motif-based enhanced green fluorescent protein 
failed to demonstrate its capacity for intercellular transfer (35). 
Cumulatively, the mechanisms employed by Antennapedia or 
HIV TAT-based motifs for crossing the plasma membrane seem 
to differ from SSHR-directed plasma membrane phospholipid 
bilayer translocation. 

How does SSHR, with its positively charged cargo, pass 
through the membrane phospholipid bilayer? The hydrophobic 
region of signal sequence we used contains proline as a helix- 
bending residue (Fig. lA). Consistent with the "helical hairpin" 
hypothesis of Engelman and Steitz (36), the presence of such a 
residue may allow SSHR to form, within a phospholipid bi- 
layer, a hairpin -like loop that constitutes a leading edge for the 
attached cargo (Fig. 5). Thus, the translocation would proceed 
through looping ar d unlooping stages as proposed by de Vrije et 
al. (37). An alternative "tilted peptide" translocation mecha- 
nism envisages that the helix traverses a lipid bilayer after its 
insertion at a 45° angle (38). These two postulated "looping" 
and "tilted peptide" mechanisms are not mutually exclusive in 
their destabilizing effects on the phospholipid bilayer (Fig. 5). 
Such an effect may be attributed to the formation of non- 
bilayer Hpid structures upon contact with the signal sequence 
hydrophobic region (39). Transient formation of these non- 
bilayer lipid structures reflects their ability to undergo topo- 
logical transformation (40). Conversely, liposomes are known 
to destabilize the membrane of isolated neutrophil granules 
and induce a release of membrane-bound lysosomal enz3rmes 
(41). Nevertheless, the potential destabilization of the phospho- 
lipid bilayer by SSHR-based MTM has no apparent effect on 
the permeabihty of the plasma membrane. We did not observe 
any increase in plasma membrane permeability as evidenced 
by fluorescein diacetate/ethidium bromide staining with a pep- 
tide concentration of up to 150 /iM. Thus, SSHR-directed move- 
ment of functional cargo through the phosphoHpid bilayer 
seems to be harmless in terms of its impact on the structural 
integrity of the plasma membrane at concentrations sufficient 
to inhibit intracellular signaling. The SSHR-based mechanism 
of translocation across the phospholipid bilayer is consistent 
with the membrane trigger hypothesis formulated by Wickner 
(42, 43) that postulated translocation of certain newly synthe- 
sized bacterial proteins {e.g. leader sequence-bearing M13 pro- 
coat protein) across a phospholipid bilayer without the aid of a 
proteinaceous pore or transport system. 

The development of specific tools to analyze the 10,000- 
15,000 intracellular proteins and their pathways in a typical 
living cell (2) has been hampered by the lack of facile vehicles 
for delivery of peptides and large protein segments across a 
plasma membrane. Our work has demonstrated that the 



SSHR-based MTM possesses a number of desirable attributes. 
It is based on the hydrophobic region of a signal sequence that 
has been conserved through evolution. It translocates freely 
across a phospholipid bilayer, bypassing a more complex endo- 
cytic pathway apparently used by other MTMs such as Anten- 
napedia-based or HIV TAT-based sequences (28-33). SSHR- 
based MTM allows development of specific probes to study 
intracellular protein networks, including functionally unchar- 
acterized new proteins. Hence, it provides a platform for the 
development of cell-based proteomic analytical tools and for 
intracellular delivery of novel drugs by enabling them to cross 
the plasma membrane barrier in multiple cell tjrpes (14). Alto- 
gether, our results elucidate a new outside-in cellular translo- 
cating mechanism of signal sequence hydrophobic region, un- 
derscoring its usefulness as an efficient vehicle for ferrying 
functionally diverse peptides and other cargoes across the 
plasma membrane to the cell interior. 
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ABSTRACT Integrins are m^or two*way signaling recep- 
tors responsible for the attachment of cells to the extracellular 
matrix and for cell-cell interactions that underlie immune 
responses, tumor metastasis, and progression of atheroscle- 
rosis and thrombosis. We report the structure-function anal- 
ysis of the cytoplasmic tail of integrin (glycoprotein Ilia) 
based on the cellular import of synthetic peptide analogs of 
this region. Among the four overlapping cell-permeable pep- 
tides, only the peptide carrying residues 747-762 of the 
carboxyl-terminal segment of integrin ^3 inhibited adhesion 
of human erythroleukemia (HEL) cells and of human endo- 
thelial cells (ECV) 304 to immobilized fibrinogen mediated by 
integrin /33 heterodimers, anb03» and a^^s, respectively. In- 
hibition of adhesion was integnn-specific because the cell- 
permeable 03 peptide (residues 747-762) did not inhibit 
adhesion of human fibroblasts mediated by integrin J3i het- 
erodimers. Conversely, a cell-permeable peptide representing 
homologous portion of the integrin fix cytoplasmic tail (res- 
idues 788-8!?3) inhibited adhesion of human fibroblasts, 
whereas it was without effect on adhesion of HEL or ECV 304 
cells. The cell-permeable integrin 03 peptide (residues 747- 
762) carrying a known loss-of-function mutation (Ser^^^Pro) 
responsible for the genetic disorder Glanzmann thrombasthe- 
nia Paris I did not inhibit cell adhesion of HEL or ECV 304 
cells, whereas the ^3 peptide carrying a Ser^^^Ala mutation 
was inhibitory. Although Ser*^*^ is not essential, l^r"'*^ and 
1>r'^' form a functionally active tandem because conservative 
mutations Tyr^^^Phe or Tyr'^^'Phe resulted in a nonfunctional 
cell permeable integrin ^3 peptide. We propose that the 
carboxyl-terminal segment of the integrin ^3 cytoplasmic tail 
spanning residues 747-762 constitutes a m^or intracellular 
cell adhesion regulatory domain (CARD) that modulates the 
interaction of integrin 03-expressing cells with immobilized 
nbrinogen. Import of cell-permeable peptides carrying this 
domain results in inhibition ''from within" of the adhesive 
function of these integrins. 



Integrins composed of nonidentical a and )3 subunits recognize 
ligands through extracellular domains and transmit intracel- 
lular signals through cytoplasmic tails. Outside-in post-ligand 
binding functions, such as integrin recruitment to focal adhe- 
sions and cell spreading, also depend on integrin cytoplasmic 
segments (1-3). Signal-dependent binding of fibrinogen to 
integrin anb/Ba (glycoprotein Ilb-IIIa complex) expressed on 
platelets provides the key mechanism for formation of hemo- 
static and vasoocclussive thrombi (4). Genetic defects in 
integrin aimpa are responsible for Glanzmann thrombasthenia, 
a life-long bleeding tendency arising from the inability of 
human platelets to bind fibrinogen. Among many mutations 
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responsible for integrin aubfo dysfunction in Glanzmann 
thrombasthenia, a point mutation Ser^^^Pro in the integrin jSa 
cytoplasmic tail is of particular interest (5). This loss-of- 
function integrin mutation exemplifies the important role of 
the cytoplasmic segment of integrin in regulating the 
adhesive function of the extracellular domain. The cytoplasmic 
segment of integrin ^3 contains 41 residues from positons 722 
through 762 (6, 7). Deletion of the entire cytoplasmic 
segment led to the loss of adhesive function of transiently 
transfected Chinese hamster ovary (CHO) cells (8, 9). A 
structure -function analysis of the cytoplasmic segment of 
integrin ^3 is needed to pinpoint its regulatory sites. 

We undertook analysis of the 41-residue cytoplasmic tail of 
integrin jSa by applying our recently developed cell-permeable 
peptide import technique (10) to probe integrin /33 cytoplasmic 
protein-protein interactions. As a functional endpoint, we 
used adhesion of human erythroleukemia (HEL) cells to 
immobilized fibrinogen in response to stimulation with 4p- 
phorbol 12-myriF*ate 13-acetate (PMA). HEL cells express 
endogenous integrin aiibP3 and serve as a useful model for 
structure-function studies of platelet constituents (11, 12). 
The integrin ^3 is also expressed as a heterodimer with integrin 
ttv in human platelets and endothelial cells (13). Therefore, we 
studied adhesion of the ECV 304 cell line derived from human 
umbilical vein endothelial cells that express ayjSs integrin 
(vitronectin receptor) (14). Using cell-permeable peptides 
representing wild-type and mutated sequences, we have iden- 
tified the major cell adhesion regulatory domain (CARD) of 
integrin It encompasses a 16-amino acid sequence of its 
cytoplasmic tail. A synthetic peptide mimetic representing 
CARD imported by HEL and ECV 304 cells inhibits "from 
within" their adhesion to immobilized fibrinogen by competing 
with intracellular protein-protein interactions involving the 
integrin J33 cytoplasmic tail. 

MATERIALS AND METHODS 

Synthetic Peptides, Antibodies, and Cell Lines. Peptides 
were synthesized by a step-wise solid-phase peptide synthesis 
method and purified by C\% reverse-phase high performance 
liquid chromatography (HPLC) (10). As depicted in Fig. 1, 
overlapping peptides encompassing the entire integrin ^3 
cytoplasmic sequence (6, 7) represent residues 722-737 (pep- 
tide ^3-3), 735-750 (peptide ft-2), 747-762 (peptide ft-1), and 
742-755 (peptide ^3-4). The cell-permeable peptides were 
designed (10) by using the hydrophobic region Val-Thr-Val- 
Leu-Ala-Leu-Gly-Ala-Leu-Ala-Gly-Val-Gly-Val-Gly (h re- 
gion) of the signal peptide sequence of human integrin fi^ (6, 
7) followed by the sequences of the cytoplasmic segments listed 
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p3 integrin cytoplasmic tail: 



P, integrin cytoplasmic tail: 



P3-3 



1^ 



P3-1 



"HDRKEFAKFEEERARAKWDTANNPLYKEATSTFTNITYRGT" 



P,-4 



P.-l 



"YKSAVTTWNPKYEGK" 



FiG- 1. Sequence of overlapping peptides representing the integrin ^3 cytoplasmic tail and of integrin ^1 cytoplasmic tail peptide homologous 
to )33-l peptide. 



above. We also synthesized a cell-permeable peptide repre- 
senting residues 788-803 of integrin /3i (Fig. 1) (15, 16). The 
molecular weights of the purified peptides were verified by 
mass spectrometry analysis and their composition and con- 
centration were verified by amino acid analysis. Polyclonal 
antibodies against the integrins fi^ and /3i peptides without the 
hydrophobic region sequence were raised in rabbits immu- 
nized with a given peptide conjugated to keyhole limpet 
hemocyanin. The antibodies were monospecific for the respec- 
tive j33 peptides, as measured by ELISA. In addition, anti- 
integrin peptide antibody did not react with integrin )33 
peptides or with integrin aubfo heterodimer. Polyclonal anti- 
human integrin anbft (glycoprotein Ilb-IIIa) antibodies were 
raised in rabbits using purified glycoprotein Ilb-IIIa (17). 
Anti-integrin pi monoclonal antibody (clone P4 CIO) was 
obtained commercially from GIBCO/BRL. The HEL cell line 
(11, 12) was obtained from Thalia Papayannopoulou (Uni- 
versity of Washington, Seattle). Human endothelial cell line 
ECV304 (14) was obtained from Tom Maciag (American Red 
Cross Holland Laboratories, Rockville, MD), and human 
foreskin fibroblast cell line (18) was provided by Graham 
Carpenter (Vanderbilt University). 

Cell Adhesion Assay to Measure the Functional Effect of 
Cell-Permeable Peptides. Microliter plates (96-well, Immu- 
lon-2, Dynatech) were coated with purified human fibrinogen 
(19) at 1.25 Aig/ml, kept overnight at 4''C, washed with PBS, 
and incubated for 60 min at 37°C with 1% BSA to block 
nonspecific sites. To measure the effect of the peptides on cell 
adhesion, HEL or ECV 304 cells or human fibroblasts (HF) at 
10^ cells per well were incubated with the indicated concen- 
tration of peptide at room temperature for 30 min in RPMI 
medium 1640/10% fetal bovine serum and centrifuged at 
180 X g for 2 min. The peptide-containing supernatant was 
removed and cells were resuspended in RPMI/10% serum. 
PMA (10 nM) was added to only HEL cells, and cells were 
plated on fibrinogen-coated microtiter plates. Adhesion of 
HFs was studied on fibrinogen-free plates. After incubation at 
2TC for 120 min (HEL cells) and 240 min (ECV 304 and HF 
cell lines), the plates were washed three times with PBS and 
adherent cells were quantitated by cellular acid phosphatase 
assay (8). This assay measured acid phosphatase in ECV 304 
cells although it was reported not detectable by a less-sensitive 
immunochemistry technique (14). Percent of inhibition of cell 
adhesion was determined after subtracting a background value 
obtained in ELISA. The effect of anti-integrin otiib03 and 
anti-integrin ^1 antibodies on adhesion of HEL, ECV 304, and 
HF cell lines was tested by incubating cells with antibodies for 
30 min at room temperature and then plating cells (10^ cells per 
well) and incubating for 4 h at 37°C. After rinsing, adherent 
cells were quantified as above. 

Detachment of adherent cells was analyzed by a modified 
procedure (20) using fibrinogen-coated microtiter plates, 
seeded with PMA-stimulated HEL cells or ECV 304 cells (10^ 
cells per well). After incubation with tested peptides for 4 h at 
37°C, wells were rinsed and adherent cells were quantitated as 
described above. 

Cell-Permeable Peptide Import Detection. Import of cell- 
permeable peptides was analyzed by confocal laser scanning 



microscopy of cells cytocentrifuged onto glass slides. Adherent 
cells were fixed with 3.5% paraformaldehyde, permeabilized 
with 0.25% Triton X-100, and reacted with respective mono- 
specific anti-peptide antisera for 1 h at room temperature. 
Intracellular peptide-antibody complex was detected with 
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Fig. 2. Effect of the integrin ^3 cytoplasmic tail peptides on 
adhesion of HEL {A ) or ECV 304 (B) cells to immobilized fibrinogen. 
HEL cells were pjeincubated in the absence (NONE) and presence of 
200 /iM peptide. The bars labeled with 03-3, 133-2, and jSa-l represent 
adhesion of cells treated with non-cell-permeable peptides encom- 
passing the integrin |33 cytoplasmic sequence containing residues 
722t737, 735-750, and 747-762, respectively. The bars labeled with 
/33-3S, 03-28, 03-18, and 03-4S represent adhesion of cells incubated 
with the cell-permeable peptides containing signal sequence hydro- 
phobic region followed by residues 722-737, 735-750, 747-762, and 
742-755, resi>ectively. Data are the mean ± 8EM from at least three 
experiments performed in triplicate. The differences in adhesion 
between control cells preincubated in the absence of peptides and cells 
treated with 03-18 peptide are statistically significant aX P ^ 0.002 
(Student's / test). 
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rhodamine-conjugated anti-rabbit IgG (Kirkgaard & Perry 
laboratories). A Leitz confocal laser scanning microscope 
system was used with a XI 00 oil immersion lens as described 
(10). Alternatively, the import of peptides was quantitated by 
a cell ELISA. Briefly, cells incubated with cell-permeable 
peptides (3-30 ^M) were washed, suspended in fresh medium, 
and allowed to adhere to microtiter plates. After fixation and 
permeablization, the cells were treated with monospecific 
anti-peptide antibodies. Intracellular peptide-antibody com- 
plexes were detected with anti-rabbit IgG conjugated with 
alkaline phophatase and quantitated in ELISA. 

RESULTS AND DISCUSSION 

Structure-Function Analysis of the Integrin ^3 Cytoplas- 
mic Tail in HEL and ECV 304 Cells by Using Cell-Permeable 
Peptides. For structure-function analysis of the cytoplasmic 
tail of integrin ^3, we synthesized four overlapping peptide 
analogs as specified in Fig. 1. These peptides had no measur- 
able effect on adhesion of PMA-stimulated HEL cells or ECV 
304 cells to immobilized fibrinogen (Fig. 2). However, when 
these peptides were rendered cell-permeable (10) through the 
addition of the hydrophobic (h) region sequence derived from 
the integrin ^3 signal peptide, they entered the cells and 
selectively exerted an inhibitory effect on cell adhesion to 
immobilized fibrinogen (Fig. 2). Cell-permeable peptides were 
not cytotoxic within the concentrations used (^200 /xM), as 
determined by trypan blue exclusion. 

The cell-permeable peptide ft- IS, carrying the residues 
747-762 of the ft cytoplasmic tail, almost completely blocked 
the adhesion of both cell types to immobilized fibrinogen. In 
contrast, the cell-permeable peptides p3-2S, ft-3S, and ft-4S 
were without measurable effect on cell adhesion. This struc- 
ture-function analysis with cell-permeable peptides from the 
integrin ft cytoplasmic tail indic:.ies that carboxyl-terminal 
residues 747-762 constitute a functionally important sequence 
of the integrin ft cytoplasmic tail in two cell types representing 
megakaryocytic and endothelial lineages. None of the tested 
peptides induced detachment of PMA-stimulated HEL cells 
when added 30 min after they were adherent to immobilized 
fibrinogen. Likewise, the tested peptides did not induce de- 
tachment of established monolayers of ECV 304 cells (results 
not shown). All cell-permeable peptides were equally imported 
to the cytoplasm of HEL cells, as verified by confocal laser 
scanning microscopy after immunof luorescent staining with a 
peptide-specific antibody (Fig. 3) and by quantitative analysis 



of imported peptides in cell ELISA of HEL and ECV 304 cells 
(results not shown). 

Inhibition of Cell Adhesion by Cell-Permeable Peptides Is 
Integrin-Specific and Concentration-Dependent. Using inte- 
grin-specific antibodies, we determined that adhesion of HEL 
and ECV 304 cells to immobilized fibrinogen was mediated by 
integrin ft heterodimers because anti-human integrin aubft 
polyclonal antibody completely inhibited cell adhesion, while 
anti-human integrin fii antibody was without effect. On the 
other hand, adhesion of human fibroblasts to plastic was 
mediated by integrin heterodimers because anti-integrin ]3i 
inhibited adhesion, whereas anti-integrin aubft antibody was 
without effect. Consistent with these results, cell-permeable 
peptide /33-lS representing residues 747-762 of the cytoplas- 
mic domain of integrin ft inhibited adhesion of HEL and ECV 
304 cells to immobilized fibrinogen. (Fig. 4 A and B). The 
cell-permeable )3i-lS peptide representing residue 788-803 of 
the cytoplasmic domain of integrin ^1 (15, 16) was non inhibi- 
tory toward adhesion of HEL and ECV 304 cells to immobi- 
lized fibrinogen (Fig. A A and B). On the other hand, adhesion 
of human fibroblasts to plastic mediated by integrin j3i het- 
erodimers was inhibited (75%) by cell-permeable jSplS pep- 
tide (200 ^M), whereas cell-permeable P3-IS peptide was 
inactive (Fig. 4C). These peptides were equally imported to HF 
cells as verified by cell ELISA (results not shown). In addition 
to the integrin-specific effects, the dose-response analysis 
indicates that the extracellular ft-lS peptide concentrations 
required for 50% inhibition (EC50) were 60 p.M and 55 ptM for 
HEL and ECV 304 cells, respectively. The EC50 of the cell 
permeable ^i-lS peptide in HF was 115 p,M. Because approx- 
imately 4% of cell-permeable peptide added to cells can be 
detected intracellularly (10), we estimate that intracellular 
peptide concentration causing 50% inhibition varies between 
1 and 4 /iM. The cytoplasmic domains of human integrin fii 
and ^3 appear to be structurally simila; (15, 16) as 7 out of 16 
residues in integrin segment (residues 788-803) are iden- 
tical with a corresponding sequence (residues 747-762) of 
integrin ft (Fig. 1). Since integrin ft-mediated cell adhesion 
is inhibited from within by integrin ft peptide and integrin 
^i-mediated adhesion is inhibited by integrin 0i peptide, this 
pattern of inhibition indicates that regulation of the adhesive 
function of the integrin p2 heterodimers in HEL and ECV 304 
cells and integrin /3i heterodimers in human fibroblasts follows 
an integrin-specific mechanism. 

Cell-Permeable Mutant Peptides Identify Key Residues 
Involved in Regulation of Cell Adhesion. A loss-of-function 




Fig. 3. Intracellular location of cell-pcrmcablc ft-lS peptide as demonstrated by confocal laser scanning microscopy (mid-cell 1-^m section). 
Intracellular peptide was detected as yellow stains by indirect immunofluorescence assay and analyzed by a sbc-step Z-position sectional scanning 
of the cell. (Left) Minimal staining of HEL cells treated with non-cell-permeable ^3-1 peptide. (Right) HEL cells treated with cel)-permcable /Ss-lS 
peptide clearly show a gain in fluorescent signal representing peptide in the cytoplasm of the HEL cells. Similar pattern was obtained with' cells 
treated with cell-permeable 03-2S and ^3-3S peptides. The anti-peptide /33-I antibody used for detection of cell-permeable ft-lS peptide was 
monospecific. 
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Fig. 4. Inhibition of cell adhesion by ccU-permeable peptides is 
integrin-specific and concentration-dependent. Analysis of the cell- 
penneable peptides ^3-lS and ^i-lS in a quantitative adhesion assay of 
HEL cells {A\ ECV 304 cells (5), and HF cells (C). HEL and ECV 304 
cells adhered to immobilized fibrinogen and HF cells adhered to uncoated 
plastic. Import of peptides and ceU adhesion assay were performed as in 
Fig. 2. Data are the mean ± SEM from at least three experiments 
performed in triplicate. The differences between ft-lS peptide and Pi-lS 
peptide at 200 were significant at /* < 0.0001 for both HEL and ECV 
304 cells. The difference between ^3-lS peptide and /5i-lS peptide at 200 
/iM were significant at i* < 0.0001 for the HF cell line. 

point mutation Ser'^^Pro in the cytoplasmic segment of inte- 
grin ^3 is responsible for a life-long bleeding tendency and the 



abnormal adhesive function of integrin anbps (GPHb-HIa) 
expressed in platelets of a Glanzmann thrombasthenia patient 
(5). This mutation lies in the functionally important segment 
of the integrin ^3 cytoplasmic tail identified in our experi- 
ments. Therefore, the question arises whether a Ser^^^Pro 
substitution in the functionally active cell-permeable peptide 
ft-lS will result in a loss of its inhibitory function. Indeed, 
when the 33-lS peptide had a Ser Pro substitution, it lost 
inhibitory potency in a HEL and ECV 304 cell adhesion assay 
(Fig. 5). To discern whether the Ser'^^^Pro mutation is respon- 
sible for loss of function due to the lack of a potential 
phosphorylation site or due to the possible disruption by 
proline of the secondary structure of the ^3 integrin cytoplas- 
mic tail, a second cell-permeable peptide with a Ser^^^Ala 
mutation was tested. This mutant peptide inhibited HEL and 
ECV 304 cell adhesion similarly to its wild-type fo-lS analog 
(Fig. 5). Thus, a proline-imposed effect on the secondary 
structure of the integrin ^3 cytoplasmic tail, rather than the 
loss of a potential phosphorylation site, can account for the 
observed differences. On the other hand, two tyrosine muta- 
tions in fo-lS peptide involving conservative replacements 
Tyr'^^^Phe and/or Tyr^^gp^^ resulted in the loss of inhibitory 
function of ^3-15 peptide (Fig. 6). Tyr'''*^ and Tyr^^Q are, 
therefore, critically important for the inhibitory activity of the 
cell-permeable ft-lS peptide. They constitute a functionally 
active tandem required for regulating the adhesive function of 
integrin in two different cell types. The role of phosphor- 
ylation of Tyr^'*^ and Tyr^^^ in the function of ft- IS peptide 
remains to be determined. 

The results presented here indicate that the sequence of 
residues 747-762 in integrin ft cytoplasmic tail constitutes the 
CARD. Although other motifs such as the conserved mem- 
brane-proximal short sequences present in the cytoplasmic 
"hinge" of integrins anb and ft may also be involved (21), our 
structure-fun -don analysis with a panel of cell-permeable 
peptides suggests that CARD plays a pivotal role in the cell 
adhesive function of integrin ft. Moreover, a homologous 
segment in integrin /3i appears to regulate adhesion of human 
fibroblasts mediated by integrin pi heterodimers. Thus CARD 
is involved in integrin-specific regulation of cell adhesion. Our 
results transcend previous experiments with transiently ex- 
pressed otiibft in heterologous CHO cells (9). In that study, the 
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Fig. 5. Effect of cell-permeable mutant peptides ft- IS (Ser'^^^Pro) 
and (Ser"2Ala) on adhesion of HEL cells {A ) and ECV 304 cells 
{B) to immobilized fibrinogen. Import of peptides and the cell 
adhesion assay were performed as in Fig. 2. Data are the mean ± SEM 
from at least three cxperinients performed in triplicate. The differ- 
ences between /33-lS peptide and its mutant 03-lS (Ser^^pyo) ^^^^ 
significant at < 0.0001 for both HEL and ECV 304 cells. The 
difference between and /33-lS (Ser^^^/^la) was not significant. 
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Fig. 6. Effect of cell-permeable mutant peptides 
(Tyr'^^Phe). (IVr^^^Phe), and ^-IS (Tyv^^'^^^^VYit) on adhesion 
of HEL (A ) and ECV 304 (B) cells to immobilized fibrinogen. Import 
of peptides and the cell adhesion assay were performed as in Fig. 2. 
Data are the mean ± SEM from at least three experiments performed 
in triplicate. The differences between ^3-15 peptide and all three 
mutant Tyr — > Phe peptides were significant at P < 0.0001 for both 
HEL and ECV 304 cells. 

entire /Ba cytoplasmic tail was truncated, thereby abolishing cell 
spreading and adhesion mediated by aiibfo recruited to focal 
adhesions. Regulation of binding of monoclonal antibody 
PACl to CHO cells doubly transfected with integrin aiiba6B 
and or )3] chimeras appears to involve the NFA^ motif (22). 
This motif is found in many integrin /3 subunits and is 
implicated in integrin localization in focal adhesions (23), in 
cleavage of the integrin /Sa cytoplasmic tail by calpain (24), in 
internalization of other membrane receptors (25), and in 
binding of a novel phosphotyrosine-binding domain (26). 
However, two distinct cell-permeable peptides ^^-IS and P3-4S 
that contained the ^^NPLY^^^ motif did not inhibit adhesion 
of HEL and ECV304 cells in our experimental system. This 
finding and results of Tyr'^'^'^Phe and Tyr^^'Phe mutations 
within the Pa- IS peptide support the proposal that the two 
tyrosines (Tyr''^'' and Tyr''^^), acting in tandem within CARD, 
are essential for regulation of the adhesive function of integrin 
/33. Similarly spaced tyrosines play a role in the interaction of 
T- and -B-cell antigen receptor cytoplasmic tails (27). The 
functionally active /Sa-lS peptide imported to HEL and ECV 
304 cells can exert its inhibitory effect by interacting with anb 
or ttv integrins, respectively. Alternatively, the pa-lS peptide 
can interact with other CARD-recognizing cytoplasmic pro- 
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teins, e.g., endonexin (28). The identity of cytoplasmic 
protein(s) interacting with CARD remains to be established. 

In summary, structure-function analysis of the intracellular 
segment of integrin pa using cell-permeable peptides pinpoints 
the CARD (residues 747-762)jn the cytoplasmic tail of this 
important receptor for adhesive iigands. Inhibition of integrin 
aiibPa-niediated cell adhesion to immobilized fibrinogen by 
functionally active cell-permeable peptides is an alternative to 
pharmacologic blockade of the extracellular Iigand-binding 
domains of this integrin (29). Imported /3j peptides compete 
with the endogenous integrin pa cytoplasmic tail to interrupt 
integrin-specific intracellular protein-protein interactions that 
engage the cytoplasmic "business end" of integrin ft- This 
approach offers a unique opportunity to modulate the adhe- 
sive functions of cellular integrins "from within." 
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EXHIBIT A 



Peptide/Protein ©elivery 

Jacek Hawiger, Vanderbilt University School of Medicine, Nashville, Tennessee 

Peptide and protein delivery (PPD) is a process by which hybrid molecules containing a 
membrane translocating motif (MTM) and a peptide or protein cargo are designed to 
cross freely the plasma membrane of ex vivo cultured cells or in vivo cells forming 
tissues and organs. Cell-permeable peptides or proteins are thereby endowed with an 
ability to probe the intracellular protein-protein interactions and influence cellular 
function. The effectiveness and the efficiency of PPD depend on the mechanism by 
which the MTM crosses the plasma membrane of different cell types and the effect of the 
MTM on the overall solubility of hybrid molecules at physiological conditions outside 
and inside the cell. PPD has become particularly useful in the field of cell-based 
proteomics for analyzing interactions of 10,000 to 20,000 proteins expressed in the 
average nucleated cell which are engaged in signal transduction, gene transcription, 
intracellular trafficking, and cell-cell communication (i, 2). PPD provides a noninvasive, 
facile process to study in a Hving cell the structure-function relationship of hitherto 
unknown proteins whose sequence flows from ongoing or completed genome projects. 
Implicit in this analysis is identification of new drug targets and the development of new 
PPD-based therapeutic systems directed toward them. 

1. Protein/Peptide Delivery Systems 

The plasma membrane of eukaryotic cells is inherently impermeable to peptides and 
proteins unless specialized membrane receptors or transport proteins are utilized for their 
entry. These mechanisms of internalization are based on receptor-mediated endocytosis 
or transporter-based uptake. Nevertheless, some viral and bacterial proteins are endowed 
with properties enabling them to cross the plasma membrane and gain entry into the 
living cell. These include the HIV Tat protein, the Herpes simplex virus VP 22 protein, 
and a number of bacterial toxins that kill eukaryotic cells by punching holes in their 
membranes (3-5) . 

The PPD systems are based on the following MTMs called also protein transduction 
domain (PTD), membrane permeable sequence (MPS) or membrane translocating 
sequence (MTS): (7) Signal sequence hydrophobic region-derived peptides; (2) fhiit fly 
Antennapedia transcription factor homeodomain-derived 16 residue sequence; (5) Human 
Immunodeficiency (HIV) Tat-derived peptides and {4) polylysine and polyarginine- 
containing peptides. 

The hydrophobic (h) sequence of the signal peptide known to translocate through 
prokaryotic cytoplasmic and eukaryotic endoplasmic reticulum membranes and 
phospholipid vesicles serves as a MTM for carrying peptides and proteins into cells (i, 
2). The h region of 7 to 16 nonconserved amino acid residues is the dominant structure 
determining membrane-translocating signal sequence function (6). The ability of signal 



peptides to insert into membranes and their in vivo function correlate with the residue- 
average hydrophobicity of their hydrophobic cores. This is the critical characteristic of 
signal sequences even though they lack primary sequence identity (7). Cell-permeable 
peptide delivery mediated by the h region of a signal peptide is h region nonspecific 
because synthetic peptides containing the h region from distinct protein signal sequences, 
for example, Kaposi Fibroblast Grov^h Factor and human integrin p3 subunit, are plasma 
membrane translocation-competent (8, 9). The amino-terminal positively charged N 
region and the carboxy-terminal cleavage site were deleted from both signal peptide 
sequences. The cellular import of signal sequence h region-engineered peptides is 
concentration and temperature-dependent (8) but independent of cell type (2). Moreover, 
cellular import of signal sequence-based peptides seems to be independent of caveolae 
because it is unimpaired in T lymphocytes lacking these plasma membrane constituents 
( 10 , I I ). Peptide import is rapid, reaching the maximum within 45 min. at 37 °C. The 
intracellular concentration of an imported peptide reaches 4% of the peptide added to 
media as determined by counting cell-associated*^^ I-labeled peptides or by antipeptide 
antibody in cell ELISA (8, ii). The imported peptide is detectable in cells up to 180 min. 
(8, 9, il). The list of cells competent for importing signal sequence-engineered peptides 
tested includes ten human and murine cell lines (1). The imported peptides carrying a 
functional cargo significantly change the intracellular signaling pathways in these cells 
(see the following text). 

The Antennapedia 60-amino acid homeodomain rapidly crosses the plasma membrane of 
neuronal Cell Adhesion Molecule (N-CAM)-expressing neurons by an energy- 
independent mechanism to reach its nuclear targets (12). The varying expression of N- 
CAM ill different cell types may contribute to much lower uptake by nonneuronal cells, 
for example, fibroblasts (12). The Antennapedia homeodomain third helix encompassing 
16 residues was shown to translocate through the cell membrane in a temperature-, 
energy-, and chiral receptor-independent manner (H, I4). The 16 residue sequence 
derived from homeodomain was used for intraneuronal delivery of protein kinase C 
pseudosubstrate (15), Cu/Zn superoxide dismutase (SODl) antisense oligonucleotide 
(16), the peptide inhibitor of the interleukin 1 beta converting enzyme (ICE) (17) and the 
peptide inhibitor of IkB kinase complex (18 ). 

The Tat protein of the human immunodeficiency virus 1 (HIV-1) has been known to 
cross plasma membrane and employed as a carrier for heterologous protein import into 
cells (19). Tat-mediated uptake of beta galactosidase, horseradish peroxidase, RNase A 
and Pseudomonas exotoxin A domain III by endothelial cells and macrophages was 
documented. However, neither the extent of Tat immunogenicity nor the known 
untoward biological effects of Tat per se on cells targeted for protein/peptide delivery are 
clear (2). Selection of a truncated sequence of Tat as MTM and nuclear localization 
signal has alleviated some of these potential pitfalls (20). However, Tat peptide-based 
cell permeable proteins require complete or partial denaturation prior to delivery to cells 
in culture or in vivo (16 ). Nevertheless, Tat peptide-mediated delivery to human Jurkat T 
cells of modified caspase-3 protein, susceptible, to cleavage by HIV protease, allowed its 
cleavage by cotransduced Tat-HIV protease (21). However, the Tat peptide was unable to 
deliver enzymatically-active diphtheria toxin A-fragment to cultured cells (22). The 



transcription factor VP22 from Herpes simplex virus type 1 has. been also reported to 
deliver biologically-active proteins to cells (3, 23). In contrast, VP22 was inefficient at 
delivering enzymatically-active diphtheria toxin A fragment to the cytosol of cultured 
cells (22). A different approach is based on the synthesis of defined branched lysine- 
based peptides ("oligomers") as intracellular vehicles (24) and polyarginine-containing 
constructs (15). The endocytic mechanism is involved in internalization of cationized 
polylysine-based macromolecules such as oligomers (25). Unfortunately, oligomers as 
highly charged complexes exhibit intolerable cytotoxicity, limiting their use for structure- 
function analysis of intracellular proteins in living cells. 

The conceptual depiction of MTM-based outside-in delivery of functional molecules is 
illustrated in Figure i. Peptides or proteins without a MTM cannot cross the plasma 
membrane of mammalian cells. In contrast, those carrying a MTM cross the cell 
membrane and reach cytoplasmic or nuclear compartment. The carboxy-terminal or 
amino-terminal end of MTM can be linked through an amide or nonamide bonds to a 
functional cargo (8, 26). An epitope tag is included to detect the imported peptides or 
proteins in the intracellular compartments with monospecific antibodies. The intracellular 
localization of imported peptides or proteins can be verified by a number of criteria 
(inaccessibility to extracellular proteases, confocal laser scanning microscopy using 
monospecific antipeptide antibodies and functionality of imported peptides/proteins 
designed to inhibit intracellular protein-protein interactions) (8, 9, H, 26). The functional 
effect of imported peptides is sequence-specific, that is, imported peptides carrying wild 
type sequence motifs of intracellular protein are functional, whereas those carrying 
mutated sequences are nonfunctional (8, 9, 1 1) . 



Figure 1. The conceptual design of peptide/protein import. Cell-pemieable peptides are designed by using 
MTM such as the h region of the signal peptide (represented by the h like leading portion) covalently bound 
to the amino terminus or the carboxyl terminus of selected sequences of intracellular proteins. Adapted from 
Reference 1. 
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2. Applications of Ppd to Cells in Culture 

Analysis of two different signaling pathways illustrate the power of cell permeable 
peptide delivery applied to probe nuclear import of four transcription factors and to 
identify a new functional domain in intracellular segment of integrins (8, 9, 1 1). 

2.1. Blockade of Nuclear Import of Karyophilic Proteins 

The nuclear import of many karyophilic proteins, including DNA-binding transcription 
factors and viral proteins, depends on a short peptide sequence called the nuclear 
localization signal (NLS). PPD has allowed the effective blockade of nuclear import by 
transducing the cell-permeable SN50 peptide, which carries the NLS motif of 
transcription factor NF-kB p50, to murine endothelial and macrophage cell lines and 
human monocytic and T cell lines stimulated with proinflammatory agonists (8, JJ_). As a 
result, transcription factor NF-kB, which controls the expression of numerous genes 
involved in inflammatory, immune, and oxidant stress, was not imported to the nucleus. 
This noninvasive method blocking the nuclear import of karyophilic proteins was 
expanded'to three distinct families of transcription factors involved in signaling induced 
by inflammatory and oxidant stress and regulating T cell immune responses (1). 

In other studies, the SN50 peptide was utilized to study the contributions of NF-kB to 
excitdxin-induced apoptosis in ex vivo cultured rat brain striatum (27). SN50 peptide 
inhibited intemucleosomal DNA fragmentation and striatal cell death. However, this 
salutory effect may not be attributed solely to inhibition of nuclear import of NF-kB in 
view of results in T lymphocytes demonstrating effective inhibition of other transcription 
factors (11). 

2.2. Stmcture-Function Analysis of Integrin Signaling 



The attachment of cells to the extracellular matrix and cell-cell interactions are mediated 
by integrins, major two-way signaling receptors that underlie developmental 
programming, immune responses, tumor metastasis, and the progression of 
atherosclerosis and thrombosis. The PPD method was first applied to the structure- 
function analysis of the cytoplasmic tails of integrin anbps and integrin avPa 
endogenously expressed in the human erythroleukemia (HEL) cell line and human 
endothelial (ECV) cell line, respectively (9). These structure-function studies using PPD 
approach led to identification of two homologous cell adhesion regulatory domains 
(CARDs), one present in integrin p3 and the other in integrin (3i cytoplasmic tails, that 
modulate the interaction of these integrins with immobilized fibrinogen and extracellular 
matrix. Cell-permeable peptides prepared via nonpeptide thiazolidine linkage were 
equally active in terms of their intracellular delivery and functional effect on integrin- 
mediated adhesion of HEL cells (26). The same strategy was applied to study signaling 
by the G protein-coupled 5-HT2c receptor (27). 

3. Ppd AppHcations in Vivo 

Cell-permeable peptides and proteins have been applied in vivo to block signal 
transduction and transcription as well as to induce site-specific recombination. For 
example, the cychzed form of the SN50 peptide, an antagonist of nuclear import of NF- 
kB and other stress-responsive transcription factors, upon intraperitoneal administration 
potently blocked the production of proinflammatory cytokines in mice challenged with 
lipopolysaccharide and significantly reduced lethality associated with ensuing endotoxic 
shock (28). Enzymatically-active Cre recombinase fused to MTM representing a 
hydrophobic region of signal sequence catalyzed recombination of the gene encoding (3- 
galactosidase when administered to Rosa 26R mice containing Lox P-modified genes. 
Remarkably, cell-permeable Cre recombinase exerted its enzymatic effect in multiple 
organs (liver, spleen, lung, kidney heart, and brain) indicating successful crossing of 
blood-brain barrier (29) . Likewise, Tat peptide-directed delivery of P-galactoside and 
inhibitors of cGMP-dependent protein kinase to brain were reported (ii, 30 ). 

4. Conclusion 

PPD can be effectively applied to probe signal transduction pathways involving 
intracellular domains of receptors such as integrins, receptor kinases, nonreceptor 
kinases, intracellular proteases, and transcription factors. In some situations, the known 
functional domains, for example, nuclear localization sequences, can be imported to 
block translocation of karyophilic proteins to the nucleus. In others, the cellular import of 
peptides provides the opportunity to conduct a detailed structure-function analysis of 
cytoplasmic segments of integrins and other receptors. Peptide mimetics of functionally 
relevant motifs can be delivered to block intracellular protein-protein interactions. The 
utility of PPD based on the hydrophobic region of the signal sequence and other MTMs 
(Antennapedia, HIV Tat) has been firmly established and offers a vast array of 
applications in probing and blocking intracellular protein-protein and protein-DNA 
interactions in cultured cells and in vivo experimental models. In vivo applications of 
PPD resulted in striking suppression of cytokine-mediated systemic inflammation and in 



expression of genes induced by cell-permeable Cre recombinase. A wide range of cell 
types, the speed and ease of translocation across the plasma membrane, free movement to 
cytoplasmic target proteins, low immunogenicity of some MTMs, for example, signal 
peptides, and easy detectability of cell-permeable peptides overcome the inherent 
limitations of currently used methods such as microinjection of individual cells or the use 
of membrane permeabilizing reagents. 

Undoubtedly, these characteristics will be enhanced as the result of ongoing studies on 
the fundamental mechanisms of membrane translocation, subcellular distribution and 
turnover, and potential cytotoxity of functional peptides. Such insights will shed light on 
the mechanism of all attempted noninvasive methods of delivering peptides, proteins, and 
other bioactive molecules into living cells. Further development of PPD for its selective 
in vivo targeting to different types of cells is within the realm of possibility. 
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